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ABSTRACT: This paper presents an exhaustive review of ‘
the schlieren method and itsjapplications. The author
starts out with the historical development and descrip-
tion of similar methods. He describes applications and
techniques used in such areaq as geology, physucs, chemis~
try, etc. Many examples are;given and explained in detail
with pictures of actual exposgures of schlieren and associ-
ated phenomena in a multitud¢ of materials and their prac-
tical application. Extensivé use is also made of rigorous
mathematical proof to determine the validity of equations
and their operators.
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1. The Definition of a Schlieren

R L A A A A

If there are points in a translucent homogeneous medium at which the
Findex of refraction varies somewhat from its n¢minal value, these points are
“called "schlieren". Light falling upo the medium is deflected at small
Eangles .__The magnitude of the def _depends A%t) only on the change_An of |
the schlieren refraction index, but algso on it$ shape. Light deflection can
;also occur if there is no change in the¢ refraction index, e.g. if the surface
rof a glass plate deviates slightly from its nominal value. Contrary to the
—definition of schlieren commonly found| in glass technology, where only points |

"where the refraction index is changed Ere considered as schlieren, our concept|
of schlieren will include a larger areh:

The cause of any light deflectioh restricted to a small area will be
“considered a schlieren.

In this sense a moving sound wavr intensive enough to cause an appreci-
“able light deflection is a schlieren.

- Striations in machine glass, baskd only on a change in glass thickness, 1
"are also to be considered schlieren. However, if a pane of glass has a wedge
"deflect, meaning that both sides are onoth but not parallel to each other,

"it is not a schlieren despite the slight deflection of light, since the de-
”flectlon is rot confined to a small area.

l
Other examples of schlieren are:| air rising from heaters; inhomogenei-

“ties in salt solutions or in a mixture| of two gases; head and tail waves; and
“the turbulent wake of a flying projectile.

o.vd
AAZat

*Nunbers in the margin indicate pagination in the foreign text.
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"~ Lsurface. With the glass plate in this

2, The Nature of the Schlueren Methodg
[ , !
- Schlieren methods are used at th biééent time to visualize, observe,
—photograph or make photoelectric records and measure small light deflections.
In the past they could be used onlx ﬁo 1dfnt%fy the existence and posfition of
»schlleren, but today we are abl® e3sure quantitatively the amount| of
~11ght deflection and in some cases to deduce the physical condition of the
»—schlleren from this.

—

b In addition, schlieren methods can be advantageously used to record
~small light deflections, e.g., to investigate the deformation of a reflecting
rsurface by reflecting light under the influence of certain forces.

.

3. Seeing Schlieren with the Naked Ey

S L

The concept of schlieren is an o$tgrowth of normal experience. Schlieren
~can be seen with the naked eye in a wimdowpane, above a heater or above rail-
Lroad tracks on a hot summer day; there|are also other examples of them. It is
~not always necessary to use a physi inssyupent to recognize them. What
L.does seeing schlieren with the naked eye depend upon? Let us pick up a piece
~of glass plate with streaks and try tolhold it so that the schlieren can be
Lseen most distinctly. If we look throfigh the glass plate toward the uniform
~light of the sky, we do not discern anything; however, some leisurely experi-
-menting can place the glass plate at the boundary between a light and a dark
positio ltbﬂs easy to recognize
“of the $chlieren will show light spots
ots agaijnst the light background
d back and forth, the schlieren can
the plate. Because of the light de-
s become distorted when seen through
antly noticeable in windowpanes. Seen
raight fla nole looks as if it has
ved, the p. » appears to move because
eye pass through continuously changing
ous degrees of light deflection. In
le; however, good pictures of them cand

—schlieren because the light deflection
—against the dark background and dark s
~(Figure 1). If the glass plate is mov
—easily be seen on the entire surface o
flected in the schlieren, straight lin
-the glass plate. This is often ungle
~through a window with gross flaws, a s
~buckled (Figure 2). When the eye is
~the light rays forming the image in th
+spots in the glass and this causes vari
—this way schlieren become very notice
not be taken for two reasons: it is impossible to concentrate upon the object
and the plate glass at the same time$ the presence of schlieren can be recog-
-nized only in a few places from one eye position.

*—

} Hot air schlieren rising from a hot object are recognized by background
~distortion. In this case schlieren mqvement produces a shimmering effect even
pthough the eye is at rest. f

- Although coarse schlieren can be observed with the naked eye, the con-
~struction of special instruments is necessary for more accurate observation,
—particularly if quantitative measuremepts are required.

- NAS}
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- . ! I. Schlieren Methods with
T T T TRy Optical Representation of the
Schlieren

4, Schlieren Method Number 1

» Title

ly been considered the schlieren
; schlieren. They will be numbered
.é
. i sionally be cases where a parti-
LDark Surface. methods. Moreover, for systematic
- In Figure 3 S represents the schllieren under investigation; objective 0
-corresponds to the eye and B to a dark| patch in front of the bright sky (L).
—depth as a result of the limited aperture of the image. If a slit diaphragm
~bent accordirng to the kind of schlieren; dark spots will be present in the
~curs in P by an angle ¢, light from light source L will still contribute to
~moving B" with B, so that both rotaéShround the internal perspective center

In addition to the Toepler
methods up to the present time,
consecutively in this paper. Mot

:Figure 1. To Obse;ve Schiieretciar #ade Souatdar method is especially

- reasons it has seemed inadvisable
£~ Imitation oF the method describel above For recognizing schlieren with
—produces its image on S'. Light coming from illuminating surface L passes
~What kind of image can be expected in §'? The lower half in S' will appear
-B' is placed in front of O, the transition can be sharpened by narrowing the
—1light part and vice versa, light spots will be present in the dark part. As
~the image of this point and it will ear bright. In the light-dark transi-
tof the lens, the schlieren of the obj becomes successively visible. The

schlieren method and the Dvorak

quite a number of other methods

all of these methods are of great
~Glass Plate, Hold the Plate Between th suitable because there are so

-to 1list them all here because many of them have not been published elsewhere.

rthe naked eye leads to the following rangemelt (schlieren method number 1).
—through it. B is a straight edge which restricts the light source to the
-bright because it receives light from L, but the top half will be dark. The
-diaphragm. But now, a light deflectioh shows up in the schlieren, i.e., the
~an example, the image of point P of thie schlieren will lie in the dark part,
Ftion zone the schlieren therefore becomes visible. Figure 1 was obtained by
L [ ] 3

shadow method, which have general-
';‘"1: L - e W i are available for visualizing
importance, but there will occa-
—Eye and the Boundary of a Light and a many applications the schlieren
- e
- i
—optical axis, so that only light above| it can shine freely. The camera Ka
—transition is not very sharp because B| must be represented without sufficient
-1ight-dark transition in the image is hot a straight line, but is more or less
+because the latter lies in front of diaphragm B. If a light deflection oc-
rthis method. By limiting this narrow put long region with a diaphragm B'" and
Even Roman 0dd
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eye, as described above. to rﬁ? f fixed objects could easily Le made |
-with this method. For statlondfﬁ ob'servation of the entire surface, movement |
+-would havg to take place so fast that the eye would receive a stationary l
—impression; this could certainegbgs X 3 F?}?y using an electrical motor.

[ 'T
~movement of the diaphragms is identica1€to scanning a sch11eren with the nake

With moving phenhomena
the diaphragms must move ap-
propriately faster. However,
this requirement can only be
fulfilled up to a certain
speed of the phenomena cccur-
ring in the object under ob-
servation.

5. Schlieren Method
Number 2

irdarce In schlieren method num-
! ber 1 we worked with a light-
dark edge, by means of which
the schlieren along a narrcw
strip were made visible. In-
vestigation of the complete
ipage field could be achieved
by moving the Iighted edge
and limiting the diaphragm
o . R > , field. Instead of this, it
i g e ' seemed that a large number of
, ; individual edges coculd be !

A LA ki e L i o ] used (Figure 4).

_Figure 2. View Through Window Glass Vlitth

Distortion Shows Straight Lines as Benit. In this arrangement the

—(Left Side-Window Open, Right Side- schlieren would become visible

~Through Double Glass). along each edge, as described

- in the previous section. The
field of vision is crossed by

+streaks which are more or less bent. [There will be cases where this simple

-arrangement can be applied directly. Figures 5a and 5b rcpresent two pictures

taken by this method. In it the defects in a glass plate and in a water glass

can be distinguished very well [126].

-

- The following process can be used to bring out the streaks: in the same

~arrangement, but without schlieren, a photographic plate is exposed; after
-being developed and dried, this is used to cover the streaks of light and is
~placed carefully in the camera; the pllate to be exposed is placed against it,
—emulsion to emulsion. In this way complete darkness without schlieren is
~obtained. The schlieren will bring the light over the dark streaks of the
~coverplate and brightness will be at these spots. The same result can

Even Roman 0dd
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‘ +distances LS and SB be of the same

Lbe obtained in copying by using the coyerplate with the streaks between the
-original negative and the photgg;aph}p paper. ‘
TageTung LIRS
d

—Figure 3. Schematic for the Observa-
~tion of Schlieren with the Naked Eye X
—(Schlieren Method Number 1).

-

Figure 4. Schematic Arrangement for
Schiieren Method Number 2,

-
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~ Figure 5a. ‘ ~ Figure 5b. .
-Figures 5a and b. Photographs With Schlieren Process Number 2: a, Plate
-Glass; b, Water Glass.

—

-

However, if the deflection is lalrger than the width of a streak, the
deflected light must again be stopped down. This must be taken into account

-in discussing the pictures obtained, must the fact that no steady pictures
fof schlieren are taken.

£6. Schiieren Method Number 3

}..

- The construction principle of s
~another way of making schlieren visib
—face radiating white light, while b',
rwhich radiate light of different colo
-not be so large that it exceeds surfa

lieren method number 2 also provides
In Figure 6 let a represent a sur-
" ¢', ¢'", etc. represent surfaces
As seen from B, specimen S should
a. For the sake of uniformity, let
itude (= t). Now for instance, if the

—center of the schlierendeflects the incident light by angle ¢, the center of

L [ 5
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—object as seen from B contains light fdom surface b', and therefore appears in
-colored light. In this way evgry colox corresponds to a definite light de-
—flection in the object. If the¥e is a |definite expansion of the object,

-Figure 6; moreover, if a definite seps'tlyity of arrangement is requifed (i.e.
—the first lcolor in the object %girab% ar at' 3 definite angle e¢), distance t
~is found. | In principle it would be pogsible to use this arrangement ffor largel
—objects and great sensitivity, but then the light would have to travel ex-
—tremely long distances.

t.._
- For example, if

- d = 2% cm,

e = 0.00291 - 10 min.

—
i

["are required, then
= |

- |
- I 3425

r ) _

i COV(EI‘ Pak e 00391 c cm 258 m.

- ‘ L - L' .. This is practically the

o same arrangement as in a
phenomenon of daily life. If,
. for example, a city is ap-
» -ptbakthed by car at twilight, .
E,sl . the windows of houses are il-

- ' luminated in the reflected

S sunlight. If a window appears
with an angle of vision smallex
than the angle of vision of
the sun (i.e. if the distance
| : is large enough), all of the
"Figure 6. Diagram of the Arrangement For window would be equally bright
Schlieren Method Number 3. if the reflecting glass sur-
u face were sufficiently smooth;
the windowpane would appear
"dark at all spots where the irregular Heflections exceed a definite value i
"(around ‘1/2° . = angle of vision of]| the sun). The surface of the sun cor-

Fresponds to surface a in Figure 6. |

S E

—

A similar case occurs if the reflections of the sun in waves are ob-
_served from a boat. A moving picture film of these reflection phenomena
_could be used to measure the shape of [the waves.

—

The colored photograph of a glass plate with strong schlieren taken by
“this nethod is given as Figure 7 in Table 1. There it is compared with a
photograph of the same glass plate taken with the lattice diaphragm method
[(see §13). NAS
L [Note: Figure 7 is on page 134] I

6 [ ] -
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?7. Schlieren Method Number 4

- "

- "ne object was presented dpti¢aily' ih the three schlieren methods des-

cribed abdve. The schlieren were made v151b‘e by lighting the obJectlwlth an

—illuminatilon surface divided HP ) dﬁff Tapt, freas of brighiness or coEor to
O

-cause the {difference in brightness or 5lor to become apparent in the| object.
—However, fficient sensitivity can on]y be achieved with a relatively small
~lens opening. Now, in reference to schlieren methoc number 2, apparatus will
—~be described which for the first time Introduces the principle of the so-
~called "schlieren diaphragm'". In the structure of Figure 4 the field of vis-
ion was crossed by streaks which are dpformed accord1ng to the deflection in
“the object. The streaks not deflected| can be masked in front of the
ground glass plate. However, the follpwing better method is also possible:
the light surface L and the obJect S afe pictured at different distances by
—the lens O; in this way the regular rays can be screened out in the image '
—plane of L(L') (see Figure 8); in this|case the dlaphragm is called a
~'"'schlieren diaphragm'. If it is exact]y negative to the light surface L, no
wlxght would reach the image plane S, if there were no refraction in lens S.
wEvery light deflection of a poispteP 8 ,5howeyer, produces another position
~in L' of the rays going through this péint, so that part of these rays may
ncontrlbute to the reflection of the pojint in S'. Point P appears light on a
l_dark background. Every deflection perpendicular to the streaks of light sur-
—face L result in a brightening of the image S';of the object. The greatest
~brightening occurs when the lighted streaks frpm L coincide exactly with the
-spaces between the lattice diaphragm at L'. 1lh this) case the light deflection

/311

—c 1in the schlieren has the value
- - e N

L _ Q=20 (¢))

thth still greater deflection another arkening occurs; for
. “ -,
A= 2)

[ﬁ c='—kt'"— (wo k=2, 3, 4...): : (3
—all of the light is cut off again. Tth, curves of uniform brightness (iso-
phots), appear in ti.e image of the object; these curves are identical with
Lthe curves of constant light deflection perpendicular to the streaks from the
Fllght surface. With sufficiently larde light deflection, this method is very
~well suited for quantitative evaluation. For a light deflect1on producing a
~change in brightness to actually occur for every point in the object, the
~following condition must be fulfilled:

\Mg

E . -
- NAsr
L L] ~ 1.
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where D is the free opening of the image-forming lens O, I and t are dist-
—ances corresponding to Figure §'§?dnﬁ i ;th lattice constant of the light '

surface L., If we imagine D to bé small and e to be large, the entirej surface |
5 S would ndat be illuminated. The lattide constant e must at least be 50 small
~that the

o)

tG

)

35

Lo

by

v Lscurity.

by photographic exposure.
+ twiiich a thin heating wire runs.

ight rays originating,é»_tyg s cg;give edges (separatod by e) of
-light source L just touch each Stgér”éft:ﬁé position of schlieren S. |With D,
~7 and t befing given, equation (4) permits the necessaiy lattice consthnt e to
t-be computed at the same time,

~ In the arrangement describy
ed, the field of vision (with-
out schlieren) is dark, and

I ST — ! : every deflection perpendicular

ﬁ::f::i::sig,;d' - ~—_} to the edges of the lattice
‘{_.'_..._...:“. N e e .

diaphragm produces a brighten-
ing. However, the adjustment
can be made in such a way that
2 the field of view provides a
. ; : nurcemedium brightness, and de-
flection in one diraction pro-
duces more brightness while
deflection in the other direc-
tion produces obscurity. For
ithis purpose the optica. images
tof (ghg bright streaks from
responding dark streaks from the lattice
Aa'. A reverse shift of the light by
e amount Aa' would produce complete ob-.
ghtening with stronger light deflecrion%
r side of the dark streaks of the la:-
nating streaks can be kept narrower thaT
I

}Figure 8. Schlieren Method Number 4.
r-Application of a ''Schlieren Diaphragm'
—in the Image Plane of L.

~1ight surface L on one side of the cor
L diaphragm can be bypassed by an amount
|_light deflection in the schlieren by t
In order to avoid another brifi
_since then light wouid fall on the oth
-tice diaphragm, the width of the illum
| the dark streaks of the diaphragm in t
- Figures 9a and 9b represent two
~shows the photograph of a2 glass plate
tsmall bubbles at the surface. (This i
common round flask was used as the obj
—this photograph that the method is very suitable for investigating objects
-which natur:zlly generate strong light defiections; there is nothing to prevent
rmaking iight surface L large enough and with enough streaks to light up even
-the most strongly deflecting parts of fhe object.

b

B o T B e .

:
i
L
1
1
'
§
i
i

¢ position of the lattice diaphragm.

pplications of this method. Figure 9a
ith dtriations and the formation of
the same plate as in Figure 5a). A
ct in Figure 9b. It can be seen from

-

A piece of equipment for the optlical measurement of current and voltage,!
~described by J. Malsch, 1937 [123] is klosely connected with the method des- |
-cribed above and with method number 2. Just as in Figures 4 and 8, Malsch
~used a light grating L. A lenrs C alsoldirects this light grating toward L',
~where we find a lattice diaphragnm wnich can be produced in the same equipment
The object fis a small sealed volume of air through
Schdffg high frequency curreats through this |
-wire produces air schlieren whose intepsity is to serve as a measurement of |

(a_ B L1\ S
Fian - Roman 0dd
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current intensity. Since we are only doncerned with the total intensity of
!

' the schlieren, an optical image.@f the [Pbjest is not necessary; for reasons
of maximunm sensitivity, the object can [be located immediately at lens| O and

g F;he photographic plate can be replaced by a photocell located directly behind

' the lattige diaphragm L'. In this-wlyqwerbbtain a photocurrent which| depends
- on the charge in the heating wire.

: ) _ ;
- , Figure 9a. Figure 9b.
L
-Figure 9. Photographs Taken With Schlieren Method Number L4: a, a Flat Pane
L.of Glass; b, a Round Vase.
: Another arrangement, similar to method number 4, has been published by
| F. Fischer [132]. In order to implemept a television size projection he used
an 0il layer, scanned by a modulated ellectron beam. The electrical charges
“developing on the surface of the oil produce a corresponding deformation. |
tThus the oil layer represents a suitablle object for the schlieren method.
F. Fischer uses a light grating (illuminated by an ‘arc lamp and condensor) for

projection. In contradistinction to method number 4--as in th= loepler method+
--the representation of the light lattice on the lattice diaphres.m and of the
I"object on the projection screen each A:quire a special lens. While F. Fischer
‘uses the lattice diaphragm to increasel the brightness of the image, method
"number 4 was first used Ly H., Maecker hn the Ballistics Institute at the Air

—

T

;War Academy in order to illuminate a larger field of vision. |

.
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~-8. Schlieren Method Number 5
L

= Application of the schlietdn ﬁi%;hf%ém principle to schlieren

+number 1 leads to the following method]

—

.Cov

thod

- Let in Figure 10, as in s%ﬁl%%‘%nThékﬁod number 1, be an illuminating
—surface lihited on one side by a sharpedge. The object S will be reproduced
~with the help of lens O in S'. L will |now be reproduced in L' by the same

- —lens. Now let a schlieren diaphragmB, limited to a straight line on one side,
- ~be introduced into L' in such a way that almost the entire image of light sur-
~face L is stopped down. The edge of the aperture and the boundary of the light

~surface should be exactly parallel and
~a' should pass by the edge of the aperture.

only a narrow strip of light of width

In this way all the

~u , . , _ points of the object, repro-
: . ' duced in S' and not causing
4 - _ 5 any light deflection per-
4 > T . .
e re— {. SR =}* ur<e pendicular to the edge of the
. ' . - 0 7 schlieren diaphragm, will
i N ¢ 2 appear in a medium brightness;
l 5

LFigure 10. Schlieren Method Number 5.

— - RO SR 4

X A deflection e at one point

P of the object causes a

shift of the image of the
o . 1ight surface in front of the

— |

~particular point P.
-

. | schlieren diaphragm, so that
Lcorrespondingly more or less light con#ributes%to forming the image of this

- If Aa' represents the shift of the image of the light source as a con-

Hng value in the object space,

-1 da .
b =g
;L_ . l . da
L}nd l
- Ada=ce(l—1); "
‘ .
'whence

P
, da .=~,—-e(l—l).
— !
ba'/a' is the relative brightcning or flrkening of point P

: A8 s Td—.

- "NASr

10 ]
an

Even Fom

i-sequence of the deflection in the schlierenand Aa represents the correspond-

(5)

(6)

i
i
i
;

|
|




¢ —tion in one direction would be visible, since then the field of visi ceases
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- The larger Aa'/a' is for a given e, the greater is the sensitivity of |
+-the arrangement. For this reaggn)a4q§hpp;d be made as small as possible at
~—first. If a theoretical setting”is made of a' = 0, at first only thej deflec- |

—to receivel any light =nd furthggVQErggagng;jiﬂno longer possible. Stfill, an
~-increase ip light will not provide anyluseful image of the object at first
—either, for reasons of diffraction theqry. The image of S will appear practi-
-cally through a slit of width a', with jone edge of the aperture really exist-
~ing at L', while the other exists in the image of the straight boundary of the
-light surface. This causes a lack of sharpness in the reproduction of the

}object. The picture produced becomes ysefull! only from a definite magnitude
~of a' on.

[

It is also advantageous to have 3 definite surface brightness of the
~image field at hand.

—
i

- The sensitivity of the equipment also depends upon the factor

- Cove -+ FU=0

It is necessary that t be as small as ‘ossible in order to raise the sensitiv-
Tity. At t = 0 the object would coincige with lens O, and for a given ¢ the
(shift Aa' on the schlieren diaphragm woéuld be greatest, but any reproduction
"of the object would become impossible.| In additi gg&f must be as large as
rpossible, Just as with schlieren-met numbe§~4z- is-methed alse-has -the -
"disadvantage that the field of vision is extremely small. At t = 1/2, the
"illuminated height of the objects would be just one half the free opening of
"the lens. To be sure, the width can be¢ consideérably enlarged; it is almost

%bolely dependent on the width of the illumination surface L and at t = 1/2
f'would be half as large as this width.

17T,

Just as suggested for schlieren method number 1, an enlargement of the
( field of sight for stationary or slowly changing phenomena can be achieved by
mechanically connecting the edge of the light surface and the schlieren
diaphragm and moving them so quickly tRat a stationary impression is made upon
the eye. Caution must naturally be adyised in regard to keeping the connection
of both movements very precise if the sensitivity of the equipment is not to
e worsened. If this precision is reathed, the Toepler arrangement for resting
‘and slowly moving objects is completel equaled and the large concave mirior or

‘the large dimension lers, which are absolutely necessary for the Toepler ar-
[?angement, can be eliminated.

a Before adopting a mechanism of this type, even if no large optical for
"applying the Toepler method is available, thought should be given to the pos-

sibility that schlieren method number 4 might be the proper one.

~ 1For more details see p. 329. nAse

; n a1
L____ v c———
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b }that a reproduction of the schlieren of proper brightness is not immediately
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o The Toepler schlieren method is different from arrangement number 5 by

[T —

. A disadvantage of number 4, comp}red with number 5, is that the in-
+~dividual fields of sight are i§1°9"539.‘-.§bey may even partly overlap and
~the adjustment of sensitivity in the individual fields may be differept, so

~—guaranteed; this may probably R§h§§h§§‘gdrﬁgﬁ}er with method number 5.

~9. Schlieren Method Number 6: The Togpler Arrangement |

~the fact that another optical system is used to reproduce the schlieren and
~that this second system can be arrange? directly behind the schlieren dia-
~phragm. Since then lens O (Figure 10) ino longer reproduces the schlieren, it
~is also possible to make the segment t|= 0 in order to attain greater
—sensitivity.

. ]

— This arrangement is shown in Figure 11. Now, lens K serves only to re- |
~produce light source L which must agaip be sharply limited on one side. In |
—order to achieve this, it is most practical to produce an intermediate image
~of the actual light source. Ipoae feWagases,re,g., in using an electric spark,
~it will be sufficient to reproduce it ¢directly. In making an intermediate
--image the reproduction of the light source can be restricted to any degree
~with the aid of a diaphragm; the illumjnating surface can also be reproduced
~on a larger scale. Care must naturally be taken to see that the aperture of
L.the iilumination system is at least th¢ same as that of the schlieren arrange-
-ment. It must even be larger by a definite amount,if the light source has a
finite, lateral ‘expansion and dependenfe is plﬁcediﬁﬁnf??iﬁifofﬁI?”Illﬁﬁi-
~nated field of vision for the purpose pf possible quantitative evaluation.

L' 1

- The lens K is called the "schlieren head'". This must fulfill two basic
Lrequirements:
- 1. The schlieren head must havel as large a diameter as possible since
—the useful field of vision depends upoh its size.

- 2. The schlieren head must be of good optical quality; for it must not
~possess any original inaccuracies in llight refraction or reflection (with
—concave mirrors) which lie in the order of magnitude of the deflections in

rthe schlieren to be made visible.

: - o If a lens is used as a |
%i o] —1= schlieren head, it must be ad-

S } 2 3 justed as well as possible from '

' a spherical and chromatic point !

e ) ] &- { et of view; the glass itself must

- be free of schlieren and bubbles,
~Figure 11. The Toepler Schlieren Methiod. for all local defects can be

- seen in the field of vision. i
Long-focus telegraph lenses,

..., —such as those used for astronomicaltpiposes, are most suitable. It would be

1

R
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. ~condenser C, light source L* isCyeflezt¢d dnto-the frunt of a plane mirror lo-

35

1‘5

. ~gree that the edge of the mirror funcfgons simultaneously as a schlieren dia-

. —a single l1fight penetration. Naturally, if the angle of deflection of‘the

———— T e s . L. [

r-best to use them in a rectlfled condltxon 1f two 51m11ar lenses are arranged |
—so that a parallel path of rays runs bd;ween them. In this case the lenses f

+can simultaneously serve as the'énd of‘a space in which the phenomena under
ranvestlga ion take place. ; 1

C e T

—~ It njay be suggested that“QY%aogf‘coated‘concave mirror be used jas a
~schlieren head instead of a lens; the mirror has no color defects and
—schlieren inside the glass have noeffe¢t upon the optical quality ; finally,
-concave mirrors can be produced more egsily and cheaply than lenses of the
-same diameter. It is possible to arrange a concave mirror in a number of was.
In general, a construction like Figure,12 cannot be used because, in the first
~place, the construction of light source L interrupts the uniform illumination
—of the image field, and, in the second{place, this arrangement produces spher-
—ical defects which are too large for re¢producing light source L at the place
—of schlieren diaphragm B. A concave mjrror reproduces from midpoint to
~midpoint with no defect whatsoever. The possibility of using this

-aplanatic reproduction is provided by the so-called "coincidence methed",
~which was first described by Hans Boas|[60] (Figure 13). With the help of

--cated almost exactly at the center of ¢urvature of the schlieren concave mir-
—~ror. From the plane mirror the light falls on the concave mirror and is

arefl cted back to the plane mirror. Adjustment is carried out in such a way
~that after the reflection the image of{the light source is shifted to the de-

_phragm The advantage of this method

s, f1rst thut the concave mirror is

.ment has high sensitivity since the llght rays'go through the object twice;
~thus the light deflections caused by the schlieren are twice as large as with

—~schlieren assumes too high a value, th llght falls onto another part of the
~object after reflection on the concave mitror. Then the angle of deflection
—of the light rays is no longer dependent merely upon the particular iocation

~of the schlieren. In this case the chlieren image obtained is no longer
~conclusive. |

L.

r |
~Figure 12. Possible, But Not Very Figure 13. The Coincidence Method. |
~Suitable, Arrangement for Using a Con- /
~cave Mirror as a Schlieren Head. If a very sensitive schlieren
- arrangement is necessary, it may bei
- suggested that light be directed ~
~through the schlieren several timeleﬁttead of once or twice. For example,

~two concave mirrors can be opposed in puch a way that their midpoints

[ ] 13
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;almost coincide. Then proper adjustmerjt can direct the light through the
Lschlieren four, six or more times. _Thj . arrangement has been constructed by !
\the author. Sensitivity was redlly indreased to a considerable degree, but
j-the complgte adjustment is very delicate. Vibrations in the room an currents
of air ard noticeably disruptia/(gy,m, '

—
i
i

Page
—
i

- The most profitable arrangement for using a concave mirror as a
+-schlieren head is shown in Figure 14. [The illumination slit and its image
-are both at the side of the center of ¢urvature of the concave mirror. The
~schlieren is located in the reflected beam and far enough from the mirror not
~to disturb the incident pencil of lighﬁ. For this reason the complete open-
~ing of the concave mirror cannot be usgd.

; f

t

As presented here, the re-
flection of the light source
takes place by means of an oblique
beam; for this reason astigmatic-
image defects occur. However,

Sourthey have no essential influence,
since this only concerns the pre-
cise reproduction of the straight

: : . boundary of the light source. A

- T shift o€ the light rays parallel

~Figure 14, Schlieren Arrangement to tz the diaphragm edge has no

-Use a Concave Mirror as a Schlieren elfegnu) For this reason the

~Head. - ’ R s¢hlieren diaphragm must be lo-

- cated according to its orienta-

- tion in the sagittal or meridimal

- image point of the light source

(Figure 15). Another requirement

Picture Point is that the edge of the light

source with the straight boundary
lies exactly in or perpendicular

H“% it L Lt
iﬁ( IS I to the plane described by three
Meridional points: light source--mirror
Picture Point center--light source image.
t Otherwise no sharply delimited

i Figure 15, At the Sagittal and Mer- edge of the light source image

ﬁidlonal Picture Point the Image of a will appear. The diaphragm edge

must also satisfy this condition
F:OI:: ?:ag:: nght Source is Pulled and run exactly parallel to the
- pa eaks. ! edge of the light source. If this
= is not the case, narrowing the i
- diaphragm will not produce uniform
- brightness in the image field be- !
- cause, as a result of rhe astig-

ryassing through the schlieren diaphr do not contribute equally in lighting
~all points of the field of vision ( e 15). Thus, if the schlieren diaphrags

T ) .

}latic defect in the light source image, the two sides of the light ray still i
|

14 L]
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F_operatlng in the merldlonal 1mage p01nq has a component in the dlrectlon
.proper for the sagittal image p01nt this component will affect the br1ghtnes§
~in the image field in the same Way aS ghe lack of a schlieren diaphragm in
l_the image [plane of the light source (see p. 231). From this it follows that
\_the schlidren diaphragm must hpve a ye exact straight boundary. If] the
.--aperture is narrowed, a mlcrostbﬁicali saw- foothed appearance would produce
—a field off vision crossed by dark and light stripes.

- The smaller the distance y is (Figure 14), the less will be the effect
,-of a spherical defect in an obllqueloeam on the quality of the light source
-image. For normal equipment sizes with a mirror radius of 6 m, a diameter of
+-30 cm and y = 50 cm, the marginal rays!suffer a displacement on the schlieren
-d1aphragm on the order of magnitude of |5 u (= 0.17"). This is about equal to
rthe limiting value of the schlieren sepsitivity of the apparatus (p. 339), |
—

F It is often necessary to deal with the phenomenon under 1nvest1gat1on
rln a parallel path of rays. The apparjtus shown in Figure 16 is used in work-
~ing with concave mirrors. The object is located between the two concave mir-

| ~rors. It could be thought at fiyst th§t the greater the distance Sy of the

schlleren from concave mirror K,, the greater the sensitivity. However, this

LlS not the case. A thorough optical c&mputatlon shows that displacement Aa',

_caused by a definite angle of deflectlyn € on the schlieren diaphragm, is com-
_pletely independent of S5 it is

S

Ad =¢-f. T (7

_In reference to the spherical aberratién in the oblique beam, it is advantage-
—ous to place the light source and the $chlieren diaphragm, as shown in Figure '
16, on different sides. F Weidert and|Stroeble have found by computation and
M. Czerny and A. Turner! have found byl testing that the asymmetry in the mer-
idional segment is removed when the light source and the schlieren diaphragm
—are on opposite sides; in addition, with equal focal distances of mirrors, the
Ltilt angles can be made equal in size,
L

- The schlieren diaphragm must be [located within the image of the light

source, If this is not the case, no upiform darkening of the field of vision
'-will occur when the schlieren dlaphrag is narrowed. Determination of the

~side from which darkening comes first immediately indicates the direction the
hsch11eren diaphragm must be moved. When the spot is found where no more uni-
klateral darkening in the direction of the narrowed diaphragm occurs, the dia-
~phragm must be turned in its plane in the presence of astigmatic-image defects

~until brightness is also equally distributed in the direction perpendicular to

,1t. Up to here we have only discussed illumination surface L with a straight
~line boundary and a schlieren diaphragh with a straight line boundary. Here
~the light deflections in the object pefpendicular to the edge of the schlieren
. diaphragm are made visible as brightenfng or darkening. The object appears as

f. Phyeik, Vol. 61, p. 792, 1930.
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if it were 111um1nated from one 51de (4 g > the schlleren image of a burning

xhcandle (Figure 17). o .

1-— Page Tne
' A With the help of a per-

forated diaphragm, it fis also
possible to give the illlumina-
tion surface a circular form
and also to use a circular
schlieren diaphragm. In this
case deflections in every
direction would become visible
in the image as changes in
brightness. However, this
image is ambiguous because such
- ! exposures provide the extent of]
hFlgure 16. Schlieren Arrangement Usnn? light deflection but not its
|

_Two Concave Mirrors With Parallel Pene direction. This arrangement
r_tration of the Object. is still appropriate if the
- Cover pd o Sourcedirection of light deflection

L is fixed on the basis of other
. conditions or if only its ex-
.tent is to be determined. If a concavé mirror is used as a schlieren head,
..the circular diaphragm is inappropriat because of the astigmatic-image de-
_fects. Th. Fromme (Ballistic Inst1tutt of the Air War Academy) found that
_an astlgmatlc lens can be 1nserted int

the pai £§<fays to ccmpensate for the|
1eren diaphragm -

! A simple achromatic lens of
long focal distance is usually
used as reflecting lens 0. An !
intermediate image as in Figure
18 can also be formed in order
to avoid having to use a long
camera extension and to fa:ili-
tate a rapid change in the image
scale. Lens 0. reproduces the

schlieren in the position of field
lens 02 on a smaller scale. The

field lens makes sure that all

light rays pass through lens 03

by reflecting 01 in 03. Finally,

Figure 17. A Candle Flame and a
Flying Projectile as Objects in the
Toepler Arrangement.
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03 casts an enlarged image from the in

N N N O B

tained eajily with a slight change in

;—_‘

‘.—

= Ground-Glass Plate for

= __ __Observation of the Process
}_

“Figure 18. Optical System With an Int

Long Focal Distance.

- In investigating an object in a
.-hydrodynamic process, it is sometimes
Lparticular moment. To do this, continu
l-necessary, even if a photographic plat
..seen from Figure 18, this can easily b

the ground-glass or photographis;plate {7/ Any desired enlargement can be
he distances.

Cover Pade Source

fermediate image of the schlieren ontc:T
ob-

ermediate Image Instead of a Line With

btate of change, e.g., a thermo-
lesirable to take a photograph at a

bus observation of the schlieren is

t has alfeady been inserted. As can be
e achieved pyicasting the intermediate

-'image of the object through an index p

-glass plate,

- Sharp focus on the ground-glass
of test object.

—objects is very suitable for this, as

~distance the focus should be set for.
-the best answer to this question.
-diaphragm, nothing could be seen of th

" one point in the object, no matter wh

" diaphragm.

B In this way optimal setti
__cesses.

P

Tspark serves as a light source and %
Ttime, a somewhat blurred adjustment

The use of light diffjraction occurring at the edges of solid

- In dealing with processes of extended focus, it is still not clear what
Forl, if we completely remove the schlieren

-lens O or(Ol, 02 and 03 ) makes sure that all beams of light originating from

:at the corresponding image point. A llack of schlieren in the object on the
ground-gless plate is the criterion for correct setting without a schlieren

If it is a question of a very great deflection in the schlieren, these
" can be made visible without a special |schlieren diaphragm by using the mount-
:ing of the image-forming lens C as a sichlieren diaphragm.
. or other a regular schlieren diaphragW is not used, e.g., if an electrical

ate ontp a laterally arranged ground- |
1
|

|
late can be obtained by using any kind

escribed on page 330,

The testing apparatus itself provides

schlieren, because projection through

their direction, are again collected

is found for spatially extended pro-

If for some reason

s a different direction from time to

the object on the ground plate can be

L
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>_1ntent10nally accepted; however, prec1se adJustment of the schlieren is al-
yways preferred. ) o

y L,_A .
e B
|
}IO. Measurement of Light Deflection with the Toepler Schlieren Metho

|

l
- The [illumination strength”E% %ai pbihtin the image field of the ObJeCEJ
rdepends ngt only on surface brightness B of the light source and of the light
i-losses (designated by the factor n), byt also on the magnitudes f', r, t', a',
-b' and cos w* (Figure 16) in accordancg with formula

- E*~1)58(I+’)2ab costw* 1,

- r . (8)
»where a' is the distance from the edge of the schlieren diaphragm to the
Lsharp edge of light source image L', d b' is the width of the light source
""image. Let it be assumed that an arrangement with two concave mirrors Kl and

i

”KZ (or two lenses) with a parallel path cf rays between them is used for the

 following derivatives. In this way thé schlieren diaphragm is located at the

ment as pictured in Figures 11 or 14 is used, it is obvious that f' is to be
..replaced by the distance between the s¢hlieren and the schlieren diaphragm.
..If errors up to 1% are acceptable, cos] w* = 1 can be inserted up to a total
(aperture angle of 8° and ~ in the pr?sence of f' can also be disregarded.

|.Thus we obtain Py - .
(9)
N |

N E‘:n%;:,—-a'._ :
-If now the light for a definite point bf the schlieren is shifted by an amount
~-Aa' perpendicular to the edge of the s¢hlieren diaphragm,

E}=E* +AE#:=¢158~‘,¢ (a’ +Aa) (10)

a' is further described by

da’ =¢-f. (7N

l_rTTLli[l

}uhere € is the angle of deflection of B point of the schlieren in the arc and

Lf' is the focal distance of the schlieren head, so that
F |
t" a’
t e=grpEi—F (11)

b— ,
FJ e., the angle of deflection € at one point of the schlieren, up to a constat

ramount, is linearly proportional to the illumination intensity in the image of
_xhe point in question. An absolute mepsurement of the brightness in the image

LA Las™] &l

[ focal point of K2 and the obJect is located between Yl and KZ If an arrangen
L

?,.ISee [102].

L18_ L] —

Even Roman 0dd




PRV

~ l-which the |deflections at individual points are known on the basis of previous
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. -must have a value such that theodeflesgioficofc¢he marginal rays is somewhat

: ; e SR
-.and an evaluation according to equatioij (11) would be quite involved and too |
L-inexact, especially if a photo;paghﬁha to be taken of moving phenomena. It
|-is more appropriate to project’ i#to thq' ihage field a "standard schlieren" of
—-calibratign. Then a compariso&oyg dgr gnﬁpg]in the object and in the| standard
I-schlieren [show up on the photogtaph and the deflections e are immedi ely
}provided. In this case evaluation is mads most conveniently by using! a re-
~cording photometer. ’
— A planoconvex lens of very small curvature is appropriately used as a
rstandard schlieren. Under all conditions it must be located in the parallel
~path of rays for, in the converging bedm of light, a plane-parallel plate
~would immediately cause a shift in the|image of the light force by about d/3
—(d = plate thickness). As a result of|this the schlieren diaphragm would not
“be located at the right spot and would|consequently cause a one-sided darken-
~ing of the field of vision within the $tandard schlieren.

- The focal distance F of the bicojvex lens used as a standard schlieren

~larger than the largest deflection in the process itself. A light ray which
-falls on the lens 1 cm away from the optical axis is deflected by the angle
ey = 1/F (F in centimeters); the corres$ponding deflection at distance § from

“the axis is §/F. Deflection occurs in|the diréction of the optical axis.
[Depending on the position of the schlig¢ren dia hragw, deflection is considered
Cin only one certain direction. .| . (47)

B Let the absolute deflection at ppint P if the standard schlieren {Fig.
19) equal €oX- Since deflection increfaises linéarly with the distance from

~the optical center, the absolute defleftion at point P equals € ° x/cos ¢.

"If the deflection at P is to be determfined in the direction of the x axis, the

Ccomponents in the x direction are to bg taken from this, and therefore €0 °

-+ X/cos ¢ * cos ¢ = €oXs i.e., the defllection in the x direction is constant

_at all points with the identical x; acfording to this all points of straight
"lines x = const have a constant brighthess in the schlieren image. Let the
:lines of constant brightness be designpted as'"isophots'". Then the isophots of
{ the standard schlieren are straight lipes parallel to the edge of the schlieren

Fdiaphragm.

The absolute value of brightness in the

- schllieren image depends also on the light

— losses in the standard schlieren. If only

- the n'-th part of the incident light is

» transmitted by the schlieren, the brightness
. in the schlieren image of the stand-

ﬁ ard schlieren is:

Figure 19. Resolution of Deflection

rin a ''Standard Schlieren', NAS

:

[ [ 19
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'i—Therefore% for two points in the sch}iérep,image of the process iﬂ(q stion

R \
~% ’ bl ’ ] h '
bn”——n '77'2‘"1’5'(“ +Fo'x'/)- . N { (12)
' |

..and of th

standard schlieren both of which have the same brightnesgﬂ

| Dy
‘ @ +ef =1 + et ),

(13) |

|

» a’
e o/ eo 52 (11},

_ ey .
-is valid. If the x, for which the same brightness is present as in the
-outside field of vision (xo), is foumld in the schlieren image,

, | |

;r- a,

L - 0=7"gxo— 5 (1—17) ,
L .

é J

! §
;—Whence Coviar Pad.. <A e . l
; i
~ ’, )

;r’ “;T 1 7 €9 Xg

| Y,

= 1__']
l
—inserted in (13) . l

! } i t
- N N oo
- B o F=’7'€o"“T:,]'Teoxo(1“’7)-f

I & =1 go(x— x,). (14)
L

. On the basis of this equation thp value for the light deflection ¢ at
"one point of the schlieren is found in! the following way: first position x

0
-of the standard schlieren, which has the same brightness as the outer field
l-of vision, is determined; then positiop x in the standard schlieren, which
exhibits the brightness of the point ih question in the process, is found.
-Then x - Xq is multiplied by the fact n'eo, which can be taken as the

characteristic value of the :chlieren;lthe product provides the value sought
[for e (Figure 20).

11, The Sensitivity of the Toepler Schlieren Method

R In the previous section we deduced that the illumination intensity at
one image point of the schlieren has the following value:

T
E* ;- AE* =n-$"":§'(a +¢f). (103)‘
!

TTTTT
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LIHere it is presumed that no sbsorpiddp takes place in the schlieren itself.
%This is not always the case, e€.g., in kolloidal solutions.
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~tl.at the object is located near the se

—Here n* is the normai 111um1nat10n 1ntens1ty of the image f1e1d and AE* is
r-its modification because of deflectjon t pne point of the schlleren with
iangle of deflection €. Since 798 b Can be considered constants;,

1
i
4

AE‘:const'—{,T-e _ | (15) 1

|
proportional to f' and l
j¥versely proportional to t'

Jor constant €. ,
+-This means that in order to obtain a airge absolute modification of brightness
.—f' must be made as large as possible aid t' as small as possible. If, at the

Lsame time, it is required that the 512% of the image of the schlieren be equaT

~ly ‘arge in all cases, the following c¢ndition applies, under the assumption
ond concave sch11eren mirror (s -+ 0):
(

i ff =const-#;

(16)

AE* = const -—;—,—,
) , (17)

The absolutegmod1f1cation of brightness in
tiie image|of the schlieren, just considered, is
important|if the image of the schlieren is not
seen with! the eye or photographed, but is recorded
with the aid of a photocell. Then the possibil-
ity exists of compensating for the steady cur-
rent causEd by the brightness of the field of

|

Ih I

st éé éhoqen as small as possible. 4
|

|

vision. practical example of gpplication,
where an Arrangement of the type in question
occurs, if reczearch on the mode of osciilation of
a membrang. The meisbrane is coatcd and the para-
llel path| of rays between both schlieren heads
are allowed to reflect on it. Every deformation
of the mirror surface, which is perfectly plane
at rest, will then act as a schlieren. The angle
of deflecr1on € is twice as large as the angle of
inclination to the surface at the

Figure 20. Schlieren Exposure of i point considered.

ya Flying Projectile and Simultaneous . fus .
Projection of a Stancard Schlieren. Shifting the photocell in the

(From VDI--Forech.-Heft, Vol. 367). NASF schlieren image and recording the

I

|
|
|

[
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o Wheny the schlieren image is obse ed by eye, the absolute modifiication
" +in brightness AE* is not the most 13p0 tapt §0n51derat10n, this is thie AE*/

40

L= E. —-i'c. | (18)

- Cover Page

I}

»mphotogurrent ecasily prov;des the mode Qf osc111at10n of any 1nd1V1uual point |
~—of the membrane. - R

[EOTET P

—

i

-fE* ratio (Weber-Fechner law).

— : AE" r

equation (10), this is:

= In order to achieve high sensitiyity in this sense, the fraction f'/a'

~must be as large as possible. This cam be achieved by making a', the width

~of the beam of light bypassing the schlieren diaphragm, very small. The fol-

}lowing reasons oppose making a' arbitrarily small:

— 1. Light diffraction, which bec
~results in a blurry image of the items

—tion of light in the image field. Thi

mes noticeable when a' is too small, i
in the object and an uneven distribu-
1s explalned in more detail below.

VR
eflect1ons in both directions be made
arkening occur in the image field of
size of a’'.

i
~ 2. The requirement, that light
~V151b1e and that both brightening and
7the schlieren, demands a certain minim |
- |
- If we let € max be the greatest dfflect1on causing darkening, a' must at
- least be equal to Shax £, y «; ; O R J
! 1 l
If this is introduced into (18), |
AEs ¢ 1

EY T ‘n‘/pt = £max

|
i.e., the relative sensitivity of the pchlieren arrangement in meeting this
requirement is independent of focal diktance f',

€, (19)

3. In observing with the eye, it is nice to have a definite minimum
brightness in the field of vision independent of the requirement just des- ‘
cribed; this also leads to «n a' whichi should not be lowered any further. |

L R B R R R

Here is a numerical example of this:

T 7T

Let an arc lamg with a light deﬂ:ity of 15,000 stilbs serve as a light
. source. 10 lux = 107° phots are required for the illumination intensity in the
_image. If a format 9 x 12 cm is to bg illuminated, the use of a concave mir-

~ror of £f' = 6.5 m focal distance and cm diameter as a schlieren head pro-
—duces a value of 212 cm for t'. Let the width of the light source image be |
-1 cm. The light losses should amount fto 50%, i.e., n = 0.5. If this value is

. —~inserted into equation (9), them NASH

|
SR P - OV

(22 L
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.- —stant illumination intensity in the image field and constant image size.

i» ’ 15000 -1
— 10"‘ = 0,5 ¢ “5'2'{_2‘{_ a’ »

“whence

—
~ - - P dooTe !

r @ =6-10"cm=60p. |

-

| For this value of a', as long as thereiis still visible a modification in the
:ratio of AE*/E* of 5%, the smallest detectable angle of deflection €min SOMeS

g_.from l

g_ AE‘ '=_[..e .
!: E® a ) min . (183)

Fand, with f' = 650 cm and a' = 61073 fm, becomes

i

i AE* a° 0,05-6-10°% o

T_ Emin = Ee® 'i;T= 5650 =0.46'10—.,

= &£=0,22sec . o

“and | :

~ | (4

- - T T ., T

;_ da =3u. |

- !

% The brightness increases with the width b' of the light source image

~(see cf. equation (9)). This depends pn the extent of the light source. In
—~the example above b' = 1 cm. If consiferably more brightness is necessary,
-e.g., 1n order to illuminate a large projection screen, the light source in L
+can be subdivided by a suitable latticg diaphragm into several superposed
+strips. In this case the schlieren dipphragm should also be replaced by a
l-lattice diaphragm (see cf. p. 314). The sum of the individual width of the
-strips of light in L' produces b'. HoWever, if the deflection at some points
-of the object is larger than the free ppening in the lattice diaphragm, the
~illumination intensity of the image fipld is no longer proportional to the de-
-flection. More details are given in §13 about the use of an arrangement of
-this type to measure light deflection.

- Let us ask the question of how the focal distance f' should be chosen
in order to obtain maximum relative sepsitivity of the equipment with a con-

Valid for the illumination intensity E* is !

o (9a)

E* = const - 5;.

I
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» = &+ = const . i (18) |

- l Cover Page Title

_In order qo maintain constant image sige, it is necessary that

{

1 /' =const-¢

- . ' (16)

t(assuming that Sk is smaller than f').

i )

? Then ! v

L 4Es o comst-

K e = const ;7 == const - 7. (20)

1 .

30

35

)

L5 7

50

--The relative sensitivity is then

e
i

~the schlieren head must be chogewctoP

L

—deciding the best dimensions for a sch

~lected as very small, the proportion o

Thls means that if a constant illumination intensity of the image field and
kconstant image size are required, the $mallest possible focal distance f' of |

} However, the following point- of-*iew also plays an essential role in

—investigation has a predetermined dimension.
-head must have a certain minimum diameter.

P

igverbdgh relative sensitivity.

ieren arrangement: the object under
.For this reason the schlieren
'If|the focal distance f' is se-

f the op nlgg_yecomes correspondingly

—large and with it the image defects, £
~the schlieren diaphragm, increase. If
~spherical concave mirrors are selected
-in projecting the light source could e
~deflections € under investigation. In
—unusab le.

-focal distance ' is selected as large
— In this way we have recognized t
-size of focal distance f'.

- Case 1: f!

In reference to the image dgfects, it would be most favorable to
—keep the proportion of opening as small

Ee contradictory requirements for the
These were:

can be arbitrarilly chosen,

bund in projecting the light source onto
f' is too small, e.g., if one or two

as a schlieren head, the image defects
hual the order of magnitude of the light
this case the arrangement would be

as possible; this is the case when the
as possible.

! Case 2:
}_
- Case 3:

-

rHow can a schlieren head be chosen with a compromise among these conditions?

—- First of all, the given dimensi
~If this is larger than about 30 cm, w
--spherical concave mirrors. T-e propo
—~and the focal distance so large, that
—diaphragm by the image defects are NO

i

f' should be as smahl as possible,
f' should be as large as possible.

of the object determines the diameter.
%X can be done practically only with i
ion of opening is then chosen so small, |
he shifts caused on the schlieren

hat smaller than those caused by the

e e e

——
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. wcompletely stopped down. Now, siscer

e e e o e s e ey

r"Stlll invisible deflectlons in the schileren f' need not be larger, but i
~must not be smaller; in this w Y CQ§es{§ and 2 are compromised with each !
;~other and at the same time také”‘caré ¢f case 1.

5 r

— Testjing the diffraction phenompg dsscrlbed in the next section| still
~has to demonstrate whether the” greates sen5111V1ty required can even| be
rachleved cause of basic principles.

,i» Sensitivity and the sensitivity HJoundary will be discussed in more de-

rta11 with an example at the end of these considerations (p. 337).

12, The Diffraction Phenomena Occurrl g in the Toepler Schlieren Arrangement

light coming from light source L at the¢ir edges, i.e., from their edges light

-rays go in practlcally all directions yhich are perpendicular to the diffract-
Llng edge and lie in the direction of the light. Therefore this diffracted

L light partially goes past the schlierep diaphragm, even if the direct light is
4mages forming lens O again assembles
~at the corresponding image points all ¢f the light rays coming from the object
Fln any direction, the edges of all objects which are not exactly perpendicular
i.to the schlieren diaphragm must be cirtumscribed by a bright margin (Figure
-21a). This kind of diffraction does not interfere with visualization of the

In the object space are found n:i:ly opaque objects which diffract the

~ ~schlieren, because the diffraction margin lies:right at the edge of the

Eopaque bodies. o ; ()

Th1$ phenomenon is very well suited
or focuilng the schlieren sharply. If
slit is used as a light source and if
he direct light is stopped down in the
osition of the schlieren diaphragm by
special aperture, so that the aif-
racted light passes both sides of this
perture symmetrically, all edges will
e circumscribed by a double margin as
ong as the ground-glass piate has not
een sharply adjusted for the object
(Figures 21b and 22); the margin is
Fingle only if the focus is very sharp.

This adjustment is so sensi-

r'Figure 2la. Diffraction Margin at thJ tive because the image-forming line

TConrtours of a Rifle. The Direct Light ;: i;ﬁzid;:e;hfnggii::lsp:::r:: to
-~ -
his Completely Stopped Down. Its width in the image plane S' is
only conditioned by the projection
—defects of lens O (in addition to part| of the schlieren head, if this is
blocated between the object and the schilieren diaphragm). Thus under certain

lens O.

0 ~circumstances measurement of the wlﬂa:rof the diffraction margin can be used

7to determine the projection defects o

[
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}Figure 21b. Double Diffraction Margin
~at the Contours of a Rifle With the
-Setting of Figure 22 I or III.Cover Pag

- Figure 22. The Diffraction Margin
+Can Be Used for Sharpening the Image.

L', Image of the Light Source. BI1,
-Diaphragm Which Cuts Down the Direct
~Light but Allows Two Symmetrical
Pencils of the Diffracted Light to
+Pass Through. The Margins are Single
FOnly in Position II, and Double in
—Positions I and III; cf. Figure 21b.

t_

-

i

-
}(See §19 for the derivation of this).

—

- In this way two images, L' and L

—appear next to each other in the position of the schlieren diaphragm.

;p(i{F;ggre 22) must be wide enough for the

{:r F‘agc‘f,.e‘ryf

The openings of the diaphragm

]

diffraction occurring at the openings
'to have no effect. However, it is
jllustrative to indicate{he Te-
raction of the light which has already
been diffracted once. For thi§ purpose]
monochromatic light must be used, one
slit in Figure 22 completely covered
and the other almost closed. Then the
multiple diffraction maxima shown in
Figure 23 are obtained from the con-
tours of the rifle. The primary dif-
fraction at the edges of the object
eliminates the need for a narrow light
slit otherwise required for such
a diffraction image.

e Source In addition we should con-
sider the sharpness (caused by
the diffraction phenomena) with
which the edge of the light source
in the position of the schlieren
diaphragm is projected by light
rays ggiiected by schlieren in the
object [I347.

i In Figure 24 along segment 2z
there should be a region with an
altered refraction index which ex-
tends from the center of the image
field to the bottom margin; the
refraction index should be con-
stant in the light direction but
become perpendicular to it within
a segment dy by the value dn. If
we assume that dn/dy = constant
within this area, the angle of

deflection for all rays passing
through this region

e=z-:1;=const (21)
' from the edge of light source L,
Image

~L' is produced by light ray: which do
ronly by light rays which go throughNth

r:ot go through the schlieren while L"

area with variatle n.

L]
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No projection, even in the
absence of geometric and optical
projection defects, is ideal be-
cause of diffraction phepomenon.

, 1f the monochromatic light sourcs

'L were an infinitely narfow slit
perpendicular to the draking
plane, distribution of brightness
in image L' would have an appear-
ance like that of curve I in
Figure 25. The distance of the
first minimum from the center of
the diffraction image is equal to

0.61-Af'/d (f' is the focal dis-
tance, d is the diameter of the
schlieren head and A is the
length of the light wave). How-
ever the light source is an ex-
%ensive illumination surface with
a straigh: boundary. Now it is
important to know how steeply the
increase in brightness rises at
the edge of the light source
image. This can be found out by

gFlgure 23"“*Uiff?actf6n “of Tight R sing_zhg :;IE:n:t;cut ;
LDiffracted Once at the Edges of a Rifl : agis p:o uced by everyt£01n °
by a Slit in Front of the Image-Formin die dlg}; sou:ce,fs:gcel etm-
ELens (Negative for the Purpose of Better vidual points o e ligh

B

"o e

. Sour

L
k-
|

¥
-

=

source are not coherent. The re-
Reproduction). Monochromatic Light. sult has been plotted in Figure

25 as curve II. This shows that
(almost the entire increase in brightnebs takes place within an area 2nd/r*e =
= 27, i.e.,

- =g (22)

b

[thus €4 is the angle at which the fuzzfness of the edge appears in the image

Lof the light source from the object.
|-source image itself is then

‘}.‘ .

"he fuzziness u of the edge of the light

I‘
=2 (22a)

-
s
" (Numerical example: A = 6:10"% mm; d = 300 mm; e, = 2°107® = 0142 for f' = 5m
~and then u = 10 yu).

!
ln
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N 4 — b s —y .. ..th ‘,avrz‘angement shown in Figure 24, we
y %8% p# ' Cag introduce the width of each the twg
44%%2 — light pencils for d according to size.

- u— ) . Jhis fp;cp;}shes the sharpness with| which
- :::::::fgé%::f“-‘ O the edges of both light source images L'
e \QJV and L" are bordered. It is still| possible
- ck% to shift the two images toward each

CaoE other by a value which amounts to g

- ~Figure 24, The Object is a Plane- times the sharpness of the edge
;»—Parallel Plate; In the Upper Half (therefore by &u = £ A+f'/d). 1In
~n = const, In the Lower Half order to decide which value factor ¢
~dn/dy = const. may have, let us first consider the
- case in which a schlieren of dia-
— meter d is located in a very large
— field of vision. In this case the
- edge of the light source image pro-
b o 1. jected across the schlieren-free
- H L2 r Page fdedde of vision is practically
- > | arbitrarily sharp, while the edge
Wt / /\! projected over the schlieren is blur-
~ C a8 J red by an amount u = Af'/d. Now if
o 34, . / the schlieren diaphragm is inserted
- £ J \ in such a way that the schlieren,
= "[ / 122 B withcgt jffraction, would produce a
E o j \” " | modifjcation in brightness by a times
L ';' v '}i‘:__‘ AL ¢ the brightness of the field of vision
o (i.e.) a*a' = ¢+f'), we can see from
— Figure 26 that the presence of re-
s fraction causes practically no alter-
__Flgure 25. Diffracgion image of a ation in the brightness ra{io as long
S1it (I) and a Straight Edge (II) as fuzziness u < 2(c+f'/a). Then we
| Projected Through a Circularly directly get ’
 Described Lens. may directly &
~ ) Pl 4
- ST a’ (23)
Li.e., ,
». ,=.;.%=.;..¢,, (23a)
; .
;:Thus the factor would be
[ 5=.;. (23b)
"1f, for example, the schlieren causes [a variation in brightness of 5%, i.e.,
?;a = 0,05, § = 0.025,
} NASH

If we now transpose this result to
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:Figure 26. Curve I: Distribution of
' Brightness in the Image of the Light
Source Projected Over the Entire

ieren Head (Practically Without

15 !'Diffraction). Curve II: Brightness

ribution in the Image of the
t Source Projected Over a
ieren Without Diffraction; II

_Compared With I is Displaced By the
20 "Value e-f'. Curve III: BrightRéss °

ribution in the Image of the
t Source Projected Over a
ieren of Diameter d.

e=¢

u

g a'——ﬁ.f L7 i« One
u 1
- “}4’["
o=} [l
- . .. . - .
o) x| .. ocver P
Q -
< :}~<. .

Jqe

e S | S ‘,L’??,' )
the corresponding shift on the sch

In this case, then, the blurring
}?1§u can be 40 times as large as the

dgflection angle ¢ to be detected, with-
oyt a noteworthy alteration in the
ightnbss distribution in the image of
the schlieren occurring because pf this
diffraction phenomenon. If we forego
reproduction of brightness, a still
smaller € could be detected.

If we are not concerned here
with the detection of a smaller
schlieren in a large field of
vision, but with the comparison of
two equally large fields, as in
Figure 24, the ratios do not change
to any important degree.

Source

Therefore we posit the still-
to-be-detected

24
_e.==§_$‘ (24)
lieren diaphrégm -
=¢2L, (24a)

where £ is a factor which is essentiallly determined by equation (23b). If we
make £ = 1, as has been done in some of the following examples, the limit set
by the diffraction is considered too
35 [which is still to be detected, the resplt from

favorable. If we now solve dn/dy,

dn

e-iz—- =2y (eq. 21)

dn
dy

}(Numerical example:

For a) £ =1, A = 6:10°5 cm, d =

b) £ =1, A = 6:10°5 cm, d =

NASH

A

ay =8aa (25)

lem, z=1cm: %3- = 6+10"5 em”!,

10 cm, z = 1ocg:§§— = 621077 em”?,
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—The smaller the wavelength used and th

P aG« e

Sinde dn/dy was assumed to be

L-it if An ans the difference .

|-

A’ the

pequatlon (24) for d,

“This means that if A and z are‘§{%en’?
. number on both sides of the light penc
“smaller the pencil, the larger must be
—caused by the diffraction phenomena, b
can just be made visible. However, th
"that the sensitivity of the schlieren
_n_gradlenx_perpendlcnlax_ta the light
[ is the case with interferenc: refracto
"poses. In order to make this clear le
'schlieren method with a constant dn/dy
"vision. Then the light deflection cau
“large everywhere and in an extreme :as
ference in the refraction number at bo
“amounts to An = geA/z.

-

If an interference refractor is

by the value An-z is found for an alte
"amount An. If Anez = A , the interfer
"terval in the interference bani. If ;

- An_

-

-

- If we make £ and ¢ approximately
~example, the interference method would
kf1e1d of vision the value An, necessar
hvarlat1on in brightness lies above the
FV1s1on according to the schlieren meth
NAS

L the extension d of the area with va;1ab
-able dn/dy.

sons
.sides and Ay means the width of the £V3c1l.

— _Ag_swl

L. Ay —° dy-x’

L ‘

+-whence

B 2

- An—f—; (25a)

be measured, the An to be determined 1r computed by

-
q larger the depth z of the object and
le pp/dy, the smaller will be detect-

An/Ay can also be written for
the refraction number fpr both
Then if Ay is introduced into

ook

ue

fi1y°'the® difference An of the refractiont
1 concerned is of importance, The

the gradient of the refraction number,
which the light deflection in question

s fact must not lead one to believe .

ethod depends on the magnitude of the

ioh. ah#lhot absolutely on An, as |
s which|can be used for similar pur-
us think of the schlieren in the
extended over the entire field of

ed by the schlieren will be equally
can still be made visible if the dif-

h boundaries of the field of vision

ation in the refraction number by an
nce reading shows a shift of one in-
is the part of a band interval still to

Esed, an alteration in optical distance

¢ '-f- (26)

equal in size, and follow the above
just show on the extreme edge of the
y for detection, so that for this example
minimal value in the entire field of

bd, while according to the interference
A

ot

[
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method the band displacement everywherqd within the field of vision lies below
. the minimal value necessary forugesdiu ont,

Sti
“is projec
i schlieren
"the schli
"result of the straight boundary of 1i
diffraction caused by this slit,
"in the object.

iaphragm.
let u

coming from an illuminating surface, t

light distribution corresponding to Cu

i
’s surrounded by fixed diaphragms?
L

i The slit imagined has a ¥idth
' able because of diffraction, so with e

fw

1 another refraction phenomenon must be considered.
ed into image plane &dvadtha-

ThlS projection occurs practically through a slit where
ren diaphragm is a real edg:i

L Its image on the ground-glass plate S' would be a lignt shape
| similar to that in Curve I of Figure Zi;
e

be appropriately shifted and the intengities added everyplace.

| Essentially the same light distr butwon will be present if an object in
getsths light from light source L.

!

R |

The objject S
ni Olky the light bypassing the

while the other projection is' the
t source L. In order to determine the
first imagine an illuminating point

In order to obtain the light zhape
diffraction image of the point nust
In this way a
e II of Figure 25 is obtained.

th%ﬁ"%%y be k-times that just resolv-

uation (24a)

(27)

- The new diffraction occurring in
in the object by an amount u perpendic
~phragm.

- Very sensitive adjustment of the
.-diaphragm is almost completely closed,
—convenient. A dark shadow runs perpen

-the light path in the position of the

+side become brighter. Turning the sch

-of the light source at the same time auso turn the diffraction shadows. The
—amount of influence which this diffrazFion has is given by

r—

- ’ cll U

L #=§ 0 (28)
r—

1lar to

dicularly to the edge of the schlieren
diaphragm into the field of vision froE

A '
Eﬁéysplit‘ﬁfiﬁ now blur every boundary
the edge of the schlieren dia-
I

schlieren, at which the schlieren
makes this phenomenon extremely in-

the edges of all objects which are in
chlieren; at the same time things out-
ieren diaphragm and moving the edges

—1The opposite occurs if, e.g., a flat plate is introduced into the parallel
path of rays of the schlieren arrangement or of the interference refractor.
—~This does not cause any effect at all iin the schlieren arrangement, but causes
—such a great band displacement with the interference refractor that special
rmeasures must be taken in ovder to measure it. For this reason it is not pos-

sible to compare the sensitivity of thle schlieren method and of the inter-
rference refractor immediately.

T2 1f necessary, this may be the mouﬁ% f the mirror or of the lens.

2 _

L

Even

L
Roman 0dd

a1




§

L_Insertmg the value for a' from equathn (27)

«]Jl
] ‘ (28aj

Cower | ade

|
Elf we make &' = £, the ratio of the angle u/t', in which the disturbeL area
;_of brightness lies, to the vision field angle d/f' is given by

-

= “ f_ (29)
. ) . W .

Y.,
)_
i~(d' is the diameter of the schlieren Jn the image).
L
L If k=1, i.e., if the mos. sensjtive setting is chosen, the brightness
'mof the entire image field is al:o cisturbed by the diffraction at the
r_sch11eren diaphragm; the larger k is cbmpared with 1, the less noticeable

L will be this diffraction phenqmruxL_AQQ Source
- These considerations are w0t onl* valid for d as the diameter of the
--entire image field, but correspundlngly also for d as the diameter of a single
hschlleren in the object.

With a very narrow diaphragn, es ec1:11y if, $he direct light is com-

“pletely cut off, it Tan be observed” “there[is a Teversal in the brightness|
%of the light distribution caused by thp d!ffraption phenomenon just described
- (Figure 27). How does this occur? The secondpry diffraction at the edge of
%the schlieren diaphragm of the light fprning the diffraction margin and al-
+-ready diffracted once by the edges >f khe object is to be considered respon-
I-sible for this (cf. Figure 2J; naturally with white light no individual
-streaks are present).
- Let an example summarize below at has been said about sensitivity and,
-diffraction. Let the focal distance fi' of the concave mirror (or lens) used
—for the schlieren arrangement be &.1%

‘ .

- The relative sensitivity is computed with equation (18). In Figure 28

it is plotted for value e = 1.939+1°75 = 4 se=. At the same tine angle of de-

" flection €, still to be made visible, 's given in the schlieren if we assume
AE*/E* = 5%. | !
i t
I

—

First let the edge of the sch11iren diaphragm be 5 mm from the edge of
the light source image. In this posi

| Tstill produces a change in brightness
"now narrowed, the relative sensitivity is only altered a little at first; i. e”
" the appearance of a schlieren with a efinite ¢ (e.g., 4") remains approxi-

ion an angle of deflection of 10 sec.
of 5%, If the schlieren diaphragm is

—

|
mately the same (cf. the left-hand e in Figure 28). However, more and |
more fine details gppear; for everfae ust becoming visible is, according to |

— . l

!
-
C

——




.-equation (18), directly proportional té a'

T
i
‘.

— ’ !
! ‘ e @ (18a)i
aver Yz Jw Tirie I %

) i

)
R

With values from this exa%ple
'(AE*/E* = 0.05, f' = 5.15-10% mm) we !
get |

|
| ¢ finsec) =2a' (inmm  (is)
{a simple relationship which easily pro-

vides the sensitivity of the adjustment
at all times in the present case.

to a' = 1 mm, angles of deflection of

2 sec become visible. Now schlieren
caused by air of different tempera- '

N PN tures in the room become unpleasantly

L= obvious, A good criterion for a sensi-!
L tive adjus%mgpt is the visibility of

S P e e e oy ~ "7 Tschlierén near a hand held in the path

"Figure 27. The Effect of Diffrac- 1SC -

ftign at Zhe Side of the Schlieren EOf rays‘ At room temperature light de-

“Diaphragm on the Appearance of the flection caused in this way lie as high

"Field of Vision When the Diaphragm |25 5 sec (Figure 29b). i
—a H )
i is Almost Closed.

! As Figure 28 shows, the relative

| sensitivity increases amazingly with

l-any more narrowing of the aperture. A|small adjustment in the schlieren dia-
phragm is now enough to considerably change the contrast in the image.

#, However, the diffraction phenomeLa also become obvious now. The fuzzi-

t-ness at the edge of th~ light source ijnage deflected by a schlieren depends on

L the extent of the schlieren and is gijen by equation (22) or (22a). !Table 1

-has been tomputed by using A = 610 “ mm and f' = 5.15¢103 mm.

- If the schlieren diaphragm is narrowed to the extent that a' = u, the

~brightness of the schliercn in question, compared with the amount which wnuld

+be present without diffraction, is prdctically unaltared. According to equa-

+tion (23), narrowing the diaphragm even to u = a’'’/2 would be permissible.

I_In this case € = £'eu = arg ;o= 1/21th. This vziue is introduced into

“Figure 28 as the upper limit set by djffraction. Therefore it still has a

“factor of ceriainty. Consequently th following demonstration is also pos-
;sible (cf. Table 2).

v
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In this case we have con- |
sidered only the alteration in
brightness of a schlieren caused
by diffraction taking pilace in
the object itself. As was in-
dicated on p. 336, however, the
"diffraction shadow' caused at
the edge of the schlieren dia-
phragm by the diffraction is
given by the same values; the
numbers 1, S, 10 and 31, intro-
duced in Figure 28, refer
simultaneously to the approxi-
mate lengths of the diffraction
shadow emanating from the edges
of solid materials and trans-

mitted to the object.

Some practical reproductio
of the example just cited are
given in Figure 29. In this
case the schlieren was located

- I
‘,_ O o _ _ TABLE 1. ! iy " L B
_ Diameter of the Bluy; 1
C Schlieren d u | i
|
: fmm | 3,09 mm 6 10! = 2 min
i $mm | 0,62 mm 1,210 = 24,8 sec
r 10mm | 0,309 mm | 6 - 10~ = 12,4 scc
F 20mm | 0,154mm | 3 +10~% = 6,2scc
- Somm | 0,062mm | 1,2+10"* = 2,5 sec
- 100mm | 0,031 mm [ 6 -10~* = 1,24 scc
}_ soomm | 0,006 mm | 1,2 10~* = 0,25 scc
t |

- l
r TABLE 2. DETECTABLE LIGHT DEFLECTION ¢ = 1/20 €,
- € In arc
- . scale ¢ In sec.

t |3 -100]6

- s 16 -100] 1,24
- 10 |3 -10¢] o062
- 3t 0,97-10¢ | 0,20
: - MASKH

R Note:  Commas Indlcate decimal poipts.
L34 L _
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igure 29a. Object: !ncandescent

75 Watt Bulb.,

Tat = by 2 1/8 mm;

Tar/ft e 2ik0m 1i20v;
fFigures 29a through c. The Appear-

[ance of Schlieren Images Narrowed
LDifferently. f' = 5,15 m.

[

. ~descent bulb, the hand or the flask)'
~front by an auxiliary light source, sof that the opaque objects do not appear

_las in Figure 14.
" ischilieren and schlieren diaphrpgm was

Pag

Cover Padanfotocdetermine what percentage of

_ |be perce¢ived yhile alterations of 10%

in converging pencil of an arrangement |
The distance between

5.15 m , i.e., equal to a focall point
f' = 5.15 m of the arrangement|in Fig.
16, taken as the basis for our primary
considerations. In Figure 29ai the warm
air current coming from an incandescent
light is given first. In the first
part of the picture the schlieren are
just becoming visible; a' amounts to
4 mm. According to equation (18b) this
corresponds to a deflection of 8 sec if
5% brightness variation can be consider
ed visible. For instance, the slit
method (cf. §13, p. 346) makes it pos-
sible to measure simply and immediately
the absolute value of light deflection

T

change in brightness must be considered.
A corresponding series of tests has
shown that in a normal Toepler arrange-
ment with a sensitive adjustment,light
‘alteratjons of 5-8% are just able to

'can be perceived well. Part 2 of the
picture has a' = 2 mm, thus an adjust-
ment which is twice as sensitive; Part
3 has a' = 1/8 mm and therefore accord-
ing to (18b) an angle of deviation of |
€ = 0.25 sec should still be visible |
at a = AE*/E* = 5%. To keep this change
in brightness undistorted . '
by diffraction, the pertinent schlieren
must have at least a lateral extension
of about d = a*(A/e) = 1/20°A/c = 24.8
mm (cf. Figure 28). The dimensions of
the warm air drafts lie within this
order of magnitude. However, it should!

'be noted that the above derivations refer

only to the case of a constant angle of
deflection within the schlieren, while

-only with considerable mathematical efffort.

- In Figure 29a and in the next tw fz;urcs; the object (i.ec., the incan- i

in reality the angle of deflection usudH
ly changes from place to place. This 1
general case can actually be handled_

lighted at the same time {rom the

i

Ever

[
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eo- These examples should be enough to demonstrate the sensitivity of the

it 1 o T._.___._...._...

only in the shadow contour, as is genﬁizlly the case with schlieren repro- E

+ductions. Reproductlon of thgjschL;er is not affected by this at all and |
-a clearer image is obtained. ure 29b records the warm air schlienen com-
¢ +ing from 4 hand. Because of the lower [surface temperature, compared {to an
-+ incandescent bulb, a more sens t1ve ¢ ts‘tmept is necessary to produce a cleax
~picture. t a' = 1 mm not mu elseen, and even at a' = 1/2 the image
~still has {the same appearance (corresp nding with the progress given lin Fig.
—28), but at a' = 1/8 and at a' = 1/20 mm, the schlieren are clearly defined.

- ~The sensitivity for the last part of the p1cture is 0.1 sec, and the pertinent
~size of the object without any diffraction effect is 6.2 cm.

. The third object shown in Flgure 29¢ is an open flask containing ether.
~The flask is tilted, but not so far that the ether could flow out; neverthe-
gless, even with a relatively coarse adjustment (a'= 4 mm; i.e., sensitivity
-8 sec) a definite current of ether vaper may be observed flowing out. There-
—fore the deflections must amount to cohsiderably more than 8 sec. In the
»last section of Figure 29c the direct light is completely cut off and a' =

~= -0.5 mm. Therefore only those parts;of the current are visible which have

. ~an angle of deviation greater thasrci598.545,;,d60 = 20 sec perpendicular to the
—direction of the edge of the schlierenjdiaphragm and only in one direction.
~In this way the successive alteration ¢f -a' can furnish the curves of con-
~-stant deflection (isophots) in the cas

—

of statlonary processes (cf. p. 346).

-Toepler schlieren arrangement. i Ly

r-great sensitivity is necessary. A quaptitative evaluation is possible by
+measuring brightness, most appro; riatelly by compar1son with a standard
Fschlieren. Now there is a complete gamut of cases in which great sensitivity
Lis not necessary, but where rapid and pimple quant1tat1ve evaluation is re-
quired. The lattice diaphragm method described below is applicable for these
cases. The basic arrangement of this method is shown in Figure 30. A slit L,
illuninated from light source L*, is p ojected in a free opening of lattice B
across the optical system K and K

| and lattice bars which are generally equal size!l, If the latter constant
is 2a, a is the width of the bars and bof the apertures. Let the image of the
t_slit have a width somewhat smaller than a. The object S in this case, just
:as in the Toepler method, is prOJecte into §' by lens 0. If no lignt de-
rflect1on occurs in S, the field of visjlion is uniformly bright. For a deflec-
“tion by angle ¢, just large enough to shift the light to the first lattice
' “bar, complete darkening occurs. In thiis case
1

e lattice consists of grid apertures

~13. Schlieren Method Number 7 (Lattic Ulaphrﬁgm Method)
— The Toepler schlieren method is pised to make schlieren visible where

—

€ = af' ,

. - In many cases it is completely appeopriate to make the apertures and bars
' —of different sizes,

[ —_
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~Figure 29b.
-
~a' = 13

Object: Hand.

1/2; 1/8; 1/20 mm;
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Figure 29c. Object:
Containing Ether.

a' = b 1/2;
a'/f = 2040"; 20",
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Open Flask
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If the deflection is

Ay twice as large, the light
— 8 ’ again falls through [the next
TH T g aperture and brightness

L ~ fl occurs, etc. In this way
+ curves of constant flection

'__

Figure 30. Arrangement for the Lattic
i.Diaphragm Method.

perpendicular to the' direc-
tion of the lattice bars are
obtained in the image field.
They correspond to the curves
? of constant brightness in the

~Toepler method and can therefore zlso
—image usually allows immediate determi
~tion for one point in the object. (As|an example for the use of this method,
~see Figures 31, 34 and 77) 0f course|the ordinal number of each isophot must
"be unambiguously definable, i.e. one mjist know through which aperture of the
rlattlce diaphragm the light in questiop has fallen. This is almost always
”p0551b1e if an approximate picture of the course of light deflection in the
Fobject can be made on the basiSOWE doR$Audions made otherwise. But there is
ralso a direct way of determining the ordinal number: the individual apertures
of the lattice diaphragm can be provided with color filters differing from
~one another. A colored image of the pbject is then obtained; each color
corresponds to a very definite ordinaljnumber., The simplest way of preparing
~such a color lattice is to transfer blpck and white lattice reproductions

e designated as isophots. Such an
ation of the extent of light deflec-

desired size. Then the spaces on the plate can be easily colored with filter
; colors. The colors should be selected; so that|they are clearly different from
one another, not only in colored photo raphs but also for the eye. Naturally
Fno value is to be put upon color fideljity in photographing these. This method
r‘1.5 very suitable for rapid evaluation pf rather large deflections (about 1/2
"min and greater). If the value of the| deflections in a definite direction
~(i.e., perpendicular to the direction pf the lattice bars) is not to be re-
—corded, but rather the absolute value pf the deflections, this can be done
~simply by choosing a circular diaphragm at L (see Figure 30) and arranging a
~circular lattice diaphragm at B.
B Figure 32 in Table I gives an e le of the application of the colored
~lattice diaphragm method. This concerpns a glass plate with relatively great
“deflections of light for which a lattike diaphragm was chosen with lattice
Fconstants large enough that the photograph of Figure 32 corresponds to the
hotograph of Figure 7 made by schlieren method number 3. Two color ranges
"are seen or the image: red and blue-gneen. Each region corresponds to a def-
rinite deflection furnished by the data of the arrangement.
-
- Further examples for this method are provided in Figures 59, 67 to 73

~and 113, which are described in more detail at the corresponding places in the|

~text.

rd;ﬁun in suitable size on a piece. oard| ont’d 'Hiapositive plates of the |
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1

[

Roman




Figure 3la. Figure 3ib.
Cover Paq ¢ Source

ZFigure 3la and b. Schlieren Pictures ¢f Glass Plates Exhaled Upon. Figure

i_31a Shows the Lattice Partially Covere¢ in Order to Determine the Ordinal
: Number.

i
—

L In investigating how much effect refract'onrk}az, one can begin with a
,:hght source which—just iliuminat “sHt of- attice diaphragm. —Im—
| correspondence with Figure 25, the refraction shape of an image point caused

by this illumination has one main maxigum and $everal adjacent maximal. The
rdistance of the first minimum from the|center of the diffraction shape is
L equal to

L

. , (30)
~(Example: A = 6:10™" mm, a = 1 mm, t' £ 1,500 mm, u = 0.9 mm, i.e., the width

—of the average streal between the two minima amounts to 1.8 mm.)
L

r—

Figure 33 shows exposures made wi*h four slit widths (a = 0.38 to 3.27
mm). A horizontal heating pipe served| as the object, and a strong lateral
~deflection was picked out and provided only a narrow line of light in the
rimage of the object. The main and schral adjacent maxima can easily be pick-

~ed out in the exposures. Now the points in the cbject lie directly next to
"the projected line at a somewhat smallpr or somewhat larger deflection. If
the adjacent slit of the lattice diapl:Fagl is cleared, a second line with its

Fadjacent maxima must appear in the image of the object and, under certain
b—

o

) rwhile here we are concerned with di¥fPfiction at a slit.

) {
— In Figure 25 the diffraction has be Eplotted on a circular diaphragm,

L__ L]




" REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

— S — S — e e ey

.ﬂcondltlons, must lie so close to the oqe reproduced here that further inter- |

i-ference phenomena occur and th@ ma1n md;lma of the two lines become indis- |
~-tinguishable.

Cover fa%“ Source

;Figures 33a to d. Diffraction on a Sljt Schlleren Diaphragm. Slit Widths:
.a, 3.27 mm; b, 1.60 mm; c, 0.75 mm; d,;0.38 mm; t' = 135 cm.

. !

- For this reason a suitable ch01c§ of lattice constants and slit widths
—-depends on the object. If the slit 1:tvery wide, the diffraction caused by it

-Will be very small, but too large a rahge of d flect1ons is covered so that
-the isophots in the image become wide gagain. he optimum slit width furnish-
—es the narrowest isophot. The lattice constant, i.e., the distaice from the

. ~hext slit, is determined by a conditiop that the isophots just miss interfer-
; F1ng with one another.

-

|

- Figure 34 shows, again with the horizontal heating pipe as the object,
~several examples of the effects of .slit width and lattice constant,

- Pictures a to d were taken with the same lattice constant but with de-
-creasing slit widths. The position an{l number of isophots should have been
—the same in these four pictures. Figufre 34b must have been the best suited
—for evaluation, since here the isophotp are most easily separated from one
-another. Figure 34 ¢ already shows a jery reciprocal blur, while Figure 34d
seems to be completely blurred because' of diffraction. The lattice constant
~in Figure 34e is smaller (only 3 mm instead of 5); this leads to considerably
~disruptive overlapping, so that the phbtograph can no longer be evaluated.
L
. In order to eliminate the errors| caused by overlapping the diffraction
’ _phenomenon of several adjacent isophots, only one isophot need be shown on a
~photograph; i.e., only one slit of the| lattice diaphragm should be free at one.
~time and the different isophots should be photographed successively. In this '
~case the slit diaphragm can even be digcarded and use made of a simple schlier-
~en diaphragm which can be moved by Héfinite amounts with a micrometer gauge.
' -Thcn the black-white boundary in the ipage field would correspond to the u

. j— = . —e b
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rposition of the isophots. Still, this /method is only useful with stationary
%processes. Under such conditippghp@q; rapbing could also be eliminated and
the isophqts could be measured directly with a measuring microscope in the
> "image fielld. Vice versa, if one start§ at a definite point in the objject, he
~can move dither the schlieren diaph or; the light source slit, in [the case
"of a fixed schlieren diaphragm, by using a measuring screw so that the point
—to be measured lies exactly on the bla¢k-white boundary. This type of ap-
Fplication is useful in the ultracentrifuge measuring technology, greatly de-
10 "veloped in modern times, and is known there by the name '"slit method" [135].
FThis will be gone into in more detail in §30.

~Figure 34 a to e. Photograph of the Tmeerature Field Near a Pipe Heated to

~70°C With The Lattice Diaphragm Method Using Different Slit Widths and Lattice
Cons tants:

image
Lattice Constant:
Slit Width
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i In r1nc1p1e, schlieren method nymber 7 could have been operated in such

Y r_L as usual up to now, and illuminated/with standard white light; then the

T]&. S5chlieren Method Number 8

1 a way that| a series of colored light slits were arranged next to one janother
in L if a lsimple slit diaphragmvwasfagediat'8. This should be the reverse
“order as sichlieren method number 7; n turally, in reference to the klind of

gsllt illumination, it would be somewhat more difficult to carry out. However,

“this consideration leads to a new prin¢iple: a simple slit can be arranged at
'llght is analyzed for color in a dispersion prism (Figure 35).

i As a result of the light de-
Xz - flection in the schlieren, a def-
f o inite amount of color is contri-
buted to the reproduction of the |
point in question. In this way a
colored image of the object is

[-Figure 35. Schematic for Schlideven Megbotl . ce obtained; a very definite ¢

i - ‘corresponds to each color. An
Zﬁ:ﬂiﬁ:)a'(Pr Direct-Vision Dispersio optimum value exists for the

| dispersion of the prism. With

- i too large a dispersion, color
["alternation--and therefore sensitivity, too--1$ very small for a definite
Te with a smaller dispersion, under ceftain citcumstances, the measuring range
required is not filled with coloxr.—-Th}s color §¢hlieren method—is—consider-
Tably more sensitive than the lattice djaphragm{method; there a displacement
“by one value of the complete lattice copstant had to take place to cause a |
change in color. The occurrence of diffraction phenomena place a limit on
arb1trary reduction of the lattice congtant. In using a prism to break down
"colors, no arbitrarily small slit can be taken in B, either, because of dif-
fraction, but a small displacement of the light in front of the slit diaphragm
causes a change in color by itself. Iph this way schlieren method number 8
corresponds to the Toepler method; the| changes in brightness caused there cor-

respond to changes in color here. Thif arrangement was set up and investigated|
by G. Stamm, who also took numerous phptographs. Figure 36 in Table I shows
the hot air rising from a burning match as an example. The background is
green, deflections in one direction--which would cause more brightness in the
Toepler method--here produce color varfiations from yellow to red. From a
. certain deflectior on, complate blackeping begins. In the other direction--
_correspond1ng to the darkening in the Toepler method--the colors here appear
| from blue to violet. Figures 64 and 6F provide two cther exposures made with
the prism method.

1 —T“T"'T“TT"TDT

LRI

rT

1T

Schlieren method number 8 would E:rrespond to the lattice diaphragm
“method if a light source were used which radiated only limited wavelengths.
“Deco-position with the prism provides Beveral colored light slits practically
Fadjacent to one another. With a suitable distribution of wavelengths, these
“could lie at a desired and constant 8 tance from one another. Under certain
Tcanditions this can be very useful Yor{the simple evaluation and assignment of

Ccolors. j

[42_ L] —
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H 1 o
mls Further Possibilitles for Schlier n Arrangements with an Optical Pro-
- jection of the Object

- The pasic principle of the arran ements described to this point| is the
~combinatian of an optical prOchtlo . bJect with a determination of the
~-1light defliection in its image. 1n gé% % t e brightness of a point serves
—as the measurement of light deflection| It was shown that a color scale can
~lead to useful arrangements. What othgr possibilities exist for determining
—~the amount of light deflection? In addition to intensity and color, the
—~direction of polarization is also characteristic of a beam of light. It would
—be completely reasonable to use this a schlieren method. For this purpose
r-one must work with polarized light and{use, at the location of the schlieren
~diaphragm, a device to turn the polarization plane by definite amounts de-
~pending on the extent of the light deflection. An analyzer, which makes every
—desired isophot visible according to its position, is used for observation.
r-However, photographic recording of the|entire image field to fix the polari-
~zation direction of the incident light|is not possible, since suitable photo-
~graphic material is not yet in existen¢e. If continual reproduction of the
~obJect is not necessary and ifcther objé¢etsasrddvided into a series of slits
~parallel to one another, the deflectiom for each point can be characterized
~by a second additional deflection prodyced parallel to the direction of the
.slit. For this purpose a reflecting helicoidal surface, against which light
~is reflected (schlieren method number 9), can be introduced into the Toepler

~arrangement in the position of the schgleren diaphragm. Then for every down-

Fa g

~ward deflection a proportional deflectjon to “heisize will be superimposed |
—at the same time. In this way a serief of curves, which immediately represent
La graphic illustration of the values fpr the light deflection, is obtained.
~The reflecting helicoidal surface was pchieved|simply by the author by proper-
~ly bracing a coated steel band.

l@_ﬂuhglﬁﬁﬂﬁ_*o_@

- Figure 37. Schematic Arrangement of Thovert's Method.

r In some cases of practical application determination of light deflection
along 1 slit in the object is sufficient (e.g., in ultracentrifuge measuring
f~'technology) Here the arrangement reported by Thovert is useful (schlieren |
method number 10). It is briefly illustrated in Figure 37. Let light source

zontally through the optical axis. It|is projected to L' through K and K

FS is the object under investigation frpm which only one vertical streak is per+
~-mitted to go through a diaphragm. K, pimultaneously projects S to S' (if we

rL be an extensive illuminating surfacr%w1th a straight limitation going hori-

first assume that cylindrical lens 2 i not present), and a vertical streak

-
|
|
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"“ Lilluminate the schlieren with a light
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. —shift is projected true to scale into $§' by the cylindrical lens, while verti-

: o e = e SR
~-also occurs there. An oblique diaphragm going through the optical axis is {
i-located at L'. Now a cylindrigal lens 'S'Fdded at Z and projects horizontal !
--sections from L' to S', while it’may 'bd considered as absent from thﬂ path
i~of light beams in a vertical direction

= [

- If now a deflection of the'iighttays’ Gecurs in a vertical direktion
~-at one point of S, the black-white bounjdary shifts with the edge of the dia-
}phragm in a lateral (horizontal) direction at L' for this point. This lateral

'~cal correlation vith the object is maintained. In this way a curved black-
+white boundary, whose horizontal ordingte is proportional to the vertical
}deflection of the point in the object in question, is obtained at S'. A
~simultaneous light deflection occurring in the horizontal direction in the

robject has no effect, since it only causes a displacement of the light surface
i-L' parallel to the black-white boundary.

—

~II. Schlieren Methods With No Optical|Projection of the Object
H {

.16. The Direct Shadow Method 45¢b&iea$a Bethod Number 11)
-~ i

L All of the methods described up {5 this point for visualizing and in-

~vestigating schlieren require a greatef or lesser use of optical equipment.

~Dvorak, in 1880, was the first to call|attention [6] to the fact that an ex-
Ltremely simple arrangement allows schl*eren to be visualized: one need only

ource o%tkgn ost extreme pinpoint type

~and a screen, on which the Tight fa will show the presence of a schlieren
Lby an unequal distribution of brightne$s because of the light refraction. '

- !

Let L in Figure 38 be the most cpncentrated possible source of light and
—~let S be the schlieren. Let light ray|c be deflected in the schlieren by |
—angle €. In this way it reaches the screen at a point e°g = Aa away from its
-origin. The alteration in brightness fausea in this way will indicate the
~schlieren most sensitively if the deflpction Aa is as large as possible in
~relation to the size of the shadow image of the schlieren (d'); now Aa = e°g

-

—

- gh_o
_and d' i g d, so |

|
i da _ ¢ g(h—g) )
Foa (31)

i
- i

pre

e

~Since ¢/d is to be considered as an azfumed constant of the schlieren, —&Qtjua

1T

h
should be made as large as possible to attain the greatest sensitivity. If we!

_make g/h = x, |

4a _ “hex(1—1x),

—

K (32)

. |
o NASH ' |
: X(1-x) has a maximum at x = 1/2 (see Figure 40). j

~

(44 [ —
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~-pF|gure 38. Direct Shadow Method. Figure 39. Diffraction of a
T Straight Edge.
I
r Thus for sensitive adjustment:
3 1. The total distance h must bejas large as possible.
oo 2. The schlieren must bbol%baie$ apptoximately in the middle of the
’llght source and the screen.
- !

The edge of a schlieren, insofarias the passing light is concerned, can ;
”‘be considered the edge of a diaphragm. l Thus it produces a diffraction which
‘blurs the image on the screen of the border between the undistorted field of
~vision and the schlieren (Figure I9). .The dis -ance from_the geometrical
“shadow boundary to the first minimum cpn be approx1mately defined as blurred.

LAccord1ng to Fresnel, this is proport1rna1 to
- l
|'_ l . -
5 V ¢ ;—L+t (33)
‘}_Y
L
£81nce the wavelength of the light useﬂ can also be considered constant,
: ( —x)
L "= const L_b
} .
‘_ u=const Vb I/ 1——5) (34
. !

rIf we derive again with g/h = x,

Y~

- % = const Vh Yx(1—2). (35)

-

:jhe smaller u is in ratio to d', the l ss does the diffraction interfere with
"the identification and eventual evaluaFion of the schlieren

L L 45
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30

~-then ; i
Y = const Y2z T

| ‘ ¢ ' i (36)
f/&(l-x)3 has a maximum at x = 1/4 Tsée Figure 40). Thus, with refetence to
~diffraction, it would be inconvenient ﬁo arrange the object right at the dis-
~tance g = h/4. :

|
- | !
I ~ T 1 Another cause of dis-
Sens(tivitv turbance for a sharp de-
lineation of the schlieren
on the screen is the ever

present finite extension of]

171 M
y-3/0

Y
-1
=

-

-

ad

8

, n the light source.
-8 T~ |-
‘Sensitivity N\ Let the diameter of |
S Diffraction the perforated diaphragm
T ’ & Lid v u poe serving as’a light source !
i : Relationship x = g/h | be §; let the blur caused
“Figure 4. Representation of Sensltiv‘ty, g{.th1s_on.:hg s;reen be
"Diffraction and Blur As Well As the | : again 1t 1is important
‘ ‘ v/de |
; to keep the ratio 6'/d' as |
“Sensitivity-Diffraction Ratio as a Fun¢tion small as possible :
" “of g/h for the Direct Shadow Method. P ¥
. R . T . : I e g
— R 1 . ] {
- =g =74 :
) X
- M S
- ’ ‘
“then [ i

35

Iu’)

o

| I

%-%;8:' (37)

;'I—I—T-T T

i

is means that the fuziiness caused by the extension of the light source is ‘J
‘linearly proportional to the diameter o0f the perforated diaphragm and the rati

X = g/h. With a given perforated diaphragm the object must be as close to thei
/screen & possible in order to attain good delineation. i

1

or

|

, |
" If we sumarize the results to tiis point, we reach the following speci- |
:fication for carrying out the direct shadow method: |
! i

Creatist sensitivity is attained|if the distance between the light source

“und the scr:en is as large as possible|and if the object is located centrally |
‘betweon the two. As curve I in Figure 40 shows, it is not necessary to meet
‘the latter :omndition c¢xactly, since gegsitivity is changed very little with !
!

“deviations of 0.5 in the ratio x = g/h|i The diffraction caused at the edges

S~
(7
wn
ot




y ; The shadow method is used very often to make a very rough schlieren
'* i visible, e.g., in regular window glass, in bottles or in other common glass
obJects (se¢ Figures 42, 43 and 44). In this case a very sensitive setting
_is not important; on the contrary it may even be of considerable disadvantage,

35

Ly

" of the schlieren has a maximum effect ‘pon blur at x = 0.25. Increasing the !
“distance h also increases the effect. of the diffraction, although only by '

' /A, whild sensitivity increases dlrec;ly with h. If the deflection [in the
_schlieren lare so small that the diffra¢tion has a disruptive effect, fit is
_more advantageous to make the Tatio X
-Naturally with a large x, i.e., with ajlarge interval between the object and
..the screen, the perforated diaphragm myst have a sufficiontly small diameter
;since the blur originating from the fiiite magnitude of the light source in-
_creases as x increases. The greater t
_less obvious becomes the blur caused bqth by the diffraction and by the geo-

metncal optics.

..as we shall see immeliately.

To avoid working in a darkened r&on it is preferable to have an image
as bright as possible on the screen.

_w1th as much light intensity as possible, e.g., an arc lamp or a high pressure
.mercury lamp. This can be used directly or with an intermediate projection
thh a condenser on a perforated diaphragm to regulate the sharpness better.
_But in both cases, in order to achievelthe deslreﬂ b;1ghtness on the screen,
the diameter of the light source is so| targe that sufficient sharpness is only
. achieved if x, i.e., g/h is sufficient&

T T ITTTTTI T

e ini b idias, o
~Figure &1, Ether Vapor

« rEscaping from an Open Bottle.

~Shadow Method Exposure.
~(From Journal Heisung u.
-Lucftung, December 1932).

/h' larger than 0.5 (Curve 1

e extension of the schlieren is , the

or this reason a light source is chosen

|
I

ly small,
|

The direct shadow method is a schlieren;
methpd without optical projection of the
object. This has very important consequen-
ces:| the light deflected by the schlieren
fallgp on some spot on the screen and in-
creapes brightness there. In this way the
projection of the schlieren contains less
light than the normal field of vision. In
this| way the schlieren can be recognized on i
the pcreen as dark spots true to scale. It |
is different with the light spots. These
are not caused by a light deflection in the
corresponding points of the object, but
rather the light in question comes from any
dir%Ztion not immediately determinable. Huw+
ever,, the occurrences of bright light are
now much more obvious than the dark spots in
the pchlieren image. Figure 41, showing a
str of ether vapor escaping from an open
bottile of ether and exposed with the shadow
wethed, can serve as an example of this.

First the outlinos of tho flouin; ether vapor can be recognized becsuse they

Even

- v
Roman 0dd

I~
(7]
wn
~N




o reemmtmn s

A\REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

|

l

i

|

i

... —extend far beyond the outside edges. already emphasized, only the darker \
|

|

|

|

{ Ll'

. are darker than the background; these are true to scale. But the light line |
within the stream and forked at the top is much more striking. It contains
all of the interrupted light. The scrgen was probably located right in the

.-focal plane of the vapor stream represqnting a cylindrical lens. ;

Another example is the incandesé¢dnt 1ight in Figure 42. It is yery

—easily reﬁlized that the bright lights need not be an index for the light de-

--flection of any pertinent point in the|shadow image of the bulb, because they

-spots of the bulb are conclusive. Where the deflections are not very large,
~the bright streaks are usually next to,the dark ones, or else this can be
~more or less achieved by a suitable ch¢ice of distance g. Then the schlieren

~have unusual contrasts. This is the cgse with some of the ''glass threads'" of
--Figure 42. ’

1

- vt
[ Bird N

.., -...-
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While the change in brightnesﬂ
of light deflection is directly
proportional in the Toepler schliert
= - en method, there is an indication

of alteration in light deflection

with the shadow method (in the case
of small deflections). If we
imagine two fields of adjacent
constant light deflection, differ-
ing in strength, these two fields
would have a different degree of !
blackening in a Toepler schlieren
image; in contradistinction to this,
they would be equally bright in a
shadow exposure, and only the tran-
sition zone would become noticeable
because of a change in brightness.

A field with a light deflec-
tion deviating from its outer field
will be dark on the one side and
surrounded by a bright margin on

:  the other. If the field is narrow,
.3 the bright and dark streaks lie
‘ " next to each other in the schlieren,
- image and, as already emphasized,
szgzzz.::;nts::?:' Imege of an ‘ are particularly striking because
- * of their contrast. Figure 44 is

‘ also an example of this: the shadow%
-image of a glass plate interspersed with numercus ''th-eads". In the four in- .

-dividual images the object to screen distance has been varied at the same time
-and it is directly obvious that sensitivity increases up to g = h/2.

—ony =+
T

© \ wwe -

-

. Annther illustrative example," ‘in very clearly confirming the above '
-derivation of sensitivity depending g/h, is Figure 45. Here there are ten

48 1 _
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--exposures of a glass plate with schliexen at different schlieren-screen dis-

—tances, The distance from the light squrce to the screen was 3 m and the
—perforatian diameter of the diaphragm #erving as a light source was 0.3 mm.

~Naturally lall images were of different |sizes in the original. They had to fid
+-the same format in order to be compa;eé
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"Figure 43. Shadow Image of
-8 Good Bottle But With Per-
“turbations at the Neck.
“(From H. Jebsen-Marwede):
_Glastechnische Fabrikations-
“fehler [Manufaecture Defects

“In Glass Technology), Berlin,
“Springer, 1936.).

- other spots, particularly at the corners,

. .This was done in Figures 45| and 44.
The first picture is a contact copy
of the glass plate in the same arrangement
(g 3 0), so with extremely strong illumina-

tion. It shows up all the blisters,
scratches and particles of dirt in the
glass plate. The next exposure was made

1 ci away from the plate and the effects

on it have become much clearer; this in-
creases considerably in the following
images (3.5 and 10 cm). At a distance of
25 the deflected light already bypasses :
som¢ spots at the edge of the plate and at

the; light is deflected inwardly. As was to
be éxpected, the greatest relative deflec- !
tions occur at g = h/2 = 150 cm. If the |
distance between the schlieren and the '
screen is enlarged, sensitivity drops againg
Therefore the image with g = 100 cm cor- }
responds toithe one with g = 200 cm, and
the one with g = 40 cm corresponds to the !
one with g = 260 cm, exactly as shown in
Cur?e I in Figure 40. ;

| If the optical condition of the object
werp known, the distribution of brightness
on the screen could be computed definitely
on the basis of laws of optics. The re-
verse, computing the optical condition of
the object from the image on the screen is
generally impossible; the most important
prerequisite for this, a clear correspond- |
ence between the size and direction of |
light deflection at every point in the i
object, is not available. However, if care;
is ‘teken with a diaphragm to see that the
light from the light source can only fall
through certain definite parts of the pro-
cess, measuring the position of the cor-
responding dots of light on the screen can
show how large angle ¢ is and what its |
::EEtion is for the point of the process in|
0

Yodption. This makes further evaluation |
ible. In many cases it is not even

{ . 49
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. -precisely parallel light can be produc

~-necessary to introduce special diaphragms, because the type of process itself
 pernits unequivocal measurement and coxrelation of the light deflection. To
--clarify this let us present two images taken of the free convection a horid
- +—zontal, heatd pipe [86] (Figures 46a gnd b). The pipe had a diameter of 42
 —mm and was 504 mm long. In a case ljkq this it is necessary to illuminate
-the process with the most exactly parallel light possible for the s of
--simple evgluation. In practice this ig partially handled by making hi as

- large as possible in view of the space available, e.g., by using a long hall
—-in the basement of the Institute. With thermo-hydrodynamic processes un-
-~desirable air currents may often disturb this process to a considerable degre
—~In the present case the long light path required was considerably shortened
~by placing the light source approxinatIly at the focal point of a concave

~mirror. When such is available, this {s the simplest way and, if necessary,
dl

—

- The distance from the end of the heating pipe to the exposure plate was
-7.44 mn for Figure 46a. The pipe had 3 temperature of 76°C while the room
-temperature was 20.6°C. A number of p¢culiar lines can be seen in the image.
--The inner, circular, dark space.ext ng upward does not correspond to the |
~diameter of the pipe which was hatchediin later. As already explained, the
-circular, dark field with the tube shaped extension on top represents the
--total schlieren area from which the light was deflected. It includes the air |
-warmed by the heat exchange of the pipe¢s. If we now use diaphragms to check
~the coordination of the other light ligpes, we find that the incident light
-streaking directly along the surface of the cylinder) supplies the curve which l
-surrounds the central area at a greatef distan¢e in the shape of a heart. If
-a circular diaphragm is used to make syre that only light in the vicinity of

~the surface of the cylinder can get through, only the heart shaped curve is

. —found. | ‘
- Figure 46b was produced by this|method. Here the heart-shaped curves }
~for different pipe temperatures are superimposed. With an increase in pipe |
~temperature, the diameter of the curves increases. Now it is simple to deter-

ro-

.- rmine the heat transition index for each spot on the cylinder surface from the

Hom of the heart-siaped curve (see p.[387)., This agrees well with other
measurcments.

F . i
- In some cases the direct shadow pethod can be used for a direct quanti- |
tative evaluation, but this is not genprally possible. Therefore it is usuallj
rused only for a purely qualitative indication of the presence of schlieren. ‘
~The great advantage of the direct shadow method is the extremely simple ar- |
~rangement which does not require say optics and correspondingly allows pro-
cesses of any extension to be investigpted. Still, the use of a condenser to
-i1luminate the perforated diaphragm and, in case of need, a coucave mirror or '
—a lens to shorten the path of rays is mdvantageous.
- Some thought should stil) be giveh to the most appropriate way of photo-
-graphing the schlieren image which generally sppears on s very large screen.
_ [T B
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~-Figures hha to d. Shadow Image of a G{lus Window Pane. Distance From Light
~Source to Screen, 3 m. Distance From Glass Plate to Screen: a, lh cm; b, 30
-cm; ¢, 118 em; d, 150 cm. f
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__Flgure 45. (See Captibn on Following Page).
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Figure 458 to k (Excluding J). Dependpnce of the Sensitivity of the Direct
Shadow Method on the Position of the Stchlieren Between the Light Source and
the Screen.

)

h=3m g~ | 3.& 10 25 cm,
ho 100 150 | 200 260 cm.

In many cases it will be possible to cover the screen itself with photo-
_graphic paper and to expose it directly. If objects are too large, the screen
image vill have to be photographed with a special camera. However, this will
“be difficult if the screen image is not very bright at a sensitive settirg - [360
“and if the movement of the process d not pemait sufficiently long exposure |
time. Then one will have to be sat}s ed with cbservation by eye or use a
%! “different wethod. )
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~Figure 46a. Shadow Exposure of a
--Heated Horizontal Pipe. The Three
~-Black Radii are the Shadow Image
—of the Pipe Fastening. (From

-5
B
-9
4 3 e Direct Shadow
. A_hgrocess_
y ,
S A 5 ; ; ; ;
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-Figure 47. Sepsitivity as a Function

+of Light Source to Screen Distance
~With the Schiieren at a Constant
~Distance From the Screen. !

T

Figure 46b. Deflection of the Light
Falling:-Directly on the Surface of a
Heating Pipe in Streaks. Wall Tempera-
ture of the Inner Circle 21°C is the
Outside Tenperature, While for Succes-
'sive Curves it is 33.0°C; 44.6°C;
56.0°C; 67.5°C. (From Heiaung u.
Lueftung) .., .
i
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17.. Schlieren Method Number 12: |
Reversal of the Direct Shadow
Methaod

In accordance with equation
(31), the sensitivity of the direct
shadow method was considered pro-
portional to the shift Aa caused by
the deflection in the schlicren on
the screen in ratio to the size of
the shadow image of the schlieren.
This scnsitivity can be raised
theoretically to infinity if it is !
possible to make the size of the
shadow contour of the schlieren
arbitrarily small keeping Aa con-

-

!

stant. Now let us start with

- equation (31) again and write it in another form as follows:

- A
2o
- Aa [ (38)
— -—"—T—o
- TR |
T e
(54 - _
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—If we keep g constant and allow h to increase in relation to g, sensitivity |
~will increase from the value 0,at h = g to the vulue eg/d for h > », At h = |
—= =, the schlieren is penetrated’with® paraliel light and the shadow contour |
—is as large as the original object. Ngw if convergent light is used,| the
+projection of the object in question i3 spaller than the object 1tself; since
—here Aa remains essentially constant, fhe sensitivity correspondingly| in-
| ho
. creases. Figure 47 graphically shows {he slope of the function _g

h

+as a function of h/g.
F The right branch of the curve f h/g = 1 up to h/g = = corresponds to
r

w|

1

the direct shadow method. The left branch corresponds to the method using a
convergent pencil of light. At h/g = 9, i.e., h = 0, sensitivity would be
infinitely large. In this case the point of convergence of the light rays
~lies directly on the screen and the site of the object diminishes to 0.

this method can be used advantage- |
} ously in certain cases. The hoii-
 Figure 48. Arrangement for Schlieren zon;nl 2eatizg pipe <an again serve
‘Method Number 12. , as example.

- Cover 2age Sourc

b The production of a convergeat
- S K 5 pencil of rays natura}ly requires

- s ::E* the help of optics which thus re-

d g ) _‘\-—_-.X*___’ . moves one great advantage of the

L (I T\ ————= ¢|: ! direct shadow method. Nevertheless,|

r

r

—

In Figure 48 let the phenomenon
! be arranged in the parallel path of
rays between two lenses or coancave
mirrors. Let light source L be as
concentrated as possible. The «on-
: vergont point L' of the percil of

' light will then be located exactly

' on screen S'. If the photographic
paper placed on the screen is now |
exposed, Figure 49 is obtained. The!
object itselt is concentrated at the!
center and the deflected rays il-
lustrate the surrounding curves.

The deflections are to Le measured

( directly as distances frow the

3 ‘ T d this practically provides
igure 49. Light Deflections on & centerqan
“Morizontal Heated Pipe as a Radia- a radiotion pattern for the deflec-

“tion Pattmrn. (Exposure by Schlieren tions. Still, an sxposure of this i
|

T TTTTTTTT T T YT T YT

- kind, just as in the direct shadow
fﬂothod Number 12.) NASE method, can only be evaluated if

S S — e
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. +-46a and b |also originate at this surfage.

.. —is introduced here and transposes the yalue of the deflection into a bright-

[ ————

. e :
—coordination is possible. In the case iat hand the maximal deflection cor- |
~-responds to the layer of air at the imgediate surface of the cylinder where

—the temperature gradient is gredtest.’ |[Thé heart-shaped lines shown ip Figures

- _—

- The |arrangement of Figur%oﬂhrigelﬁehtidal with the Toepler methpd, ex-
~-cept that here the light deflection at {the center of the image of thej light
~source is exposed directly, while in tHe Toepler method a schlieren diaphragm

~ness value in the image of the object. Exposing this phenomenon makes it pos-
—sible to obtain uniqueness, i.e., the $orrect coordination of the deflections
~to the points in the object. |

318. Arrangements Which Permit Quantit+tive Evaluation of the Direct Shadow
- Method !

- l

- As described in §16, the images ¢xposed with the standard shadow method
—are not unambiguous, since the origin ¢f the light cannot generally be deter-
~mined. This indefiniteness cot0ddcbePbypassed. if it were possible to "label"”
~the individual light rays. This is prgctically possible with the following
-arrangement (Figire 50): the point-shaped light source L* is projected with I
--condenser lens C into L where a perforited diaphragm is located. A cross lat-|
-tice has been set up at B with an image appearing on screen S' through lens O.|

. +In this way the divergent pencil of rays LS' is, so to say, subdivided into

~ -several light rays. A shift of each ljght ray.caused by an object S can ,j

30

35

5n

—easily be demonstrated by photography ¥ith andiwithout schlieren. Figure 51
tshows an examgle of this. This is a reduced r:production of part of an orig-
+-inal exposure'. This was produced by projecting a Heidenhain cross lattice
twith 40 lines/cm onto the wall about 7 m away.In front of the objective stood
+-a 5 mm diameter diaphragm onto which the arc lamp crater was projected. The
Fglass plate being tested was 3.44 m awpy from the wall so that a shift of 1 mm
—amounted to a deflection of 1 angle mifute. A strip of silver bromide paper
~was fastened to the wall and two exposfires were successively made on it, with
land without the glass panel. Evaluatipn is naturally very tedious, since the
I-shift of every individual point must bp measured separately when using a com-
-parator (cf. p. 385).

If a negative of the cross lattite image appearing on the screen is used

.y -@s an intermediate screen, a lack of lfight deflection would produce complete

~darkness, sincs the screen would be bluck everywhere where light hit it and
~vice versa. But now, if a light deflection occurs in the object, complete
Lcoverage no longer exists and brightness, proportional to the deflection, ap-
Hpears as long as the maximum possible brightness is not exceeded. According
~to F. Weidert, if a very narrow cross (lattice is used, e.g., a reproduction

> grid, the shadow image will work like B Toepler schlieren image.

.

|
|
|
i

|
t
I
¥

1
-- This photograph wss furnished throu

the courtesy of Prof. Weidert,
~ Optical Institute of the Technical

versity of Berlin.

156 — L

J p—

Even Romar Odd

/362

/363




B L

ORI

s - B v

e e e <

30

he

:Figure 50.

~Method.

iflgurc 52.

Arrangement for Quantita-
~tive Evaluation by the Direct Shadow

Schematic Arrangement of a
_ Condition of Lurved Reflecting Bodies In Reflected Light.

Cover

Pajo Heddephain Through a Glass Plate in
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Figure 5i. Distortion of the Points
of a Cross Lattize According to

the Arrangement According to Figure
50.
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Zeiss Device for Testing the Surface
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— The principle of projecting a grﬁd onto a screen by way of the object
-being investigated is also mentioned in a Zeiss patent [124] which describes
_an arrangement for testing the'S@rfite [Londition of the cornea (cf. Fjigure
: +52). With| the help of condenser c the larc lamp b illuminates two coopdinate
© {grids g h; the light then passes_through gerforated diaphragm d apd is
—rendered parallel by means of :8%§"e 23R féFlection occurs at the corpea of /364
~eye a and then an illumination of scredn f. At the same time lens e projects
-the coordinate grids g and h onto the gcreen by way of the cornea. The grids
, - +are attached to two surfaces, touching|in the optical axis x...x, which would
' [be identical to the astigmatic image field surfaces if a projection of plane
—f occurred in a reversed path of rays., Then if radial lines (g!) are produced
-in g and circles (h!) in h, they both dppear sharply at f and form a polar
~coordinate network. Now if the surfacq of the cornea is deformed, the points
—of tire network shift measurably and allow deductions to be made about the
-structure of the cornea. The path of rays between e and h is telecentric in
order to be somewhat independent of thg distance between the eye and lens e.

L The problem becomes simpler if tge directiion of the light deflection in

B il Tt L

|_the object is determined ahead of timg. This is, .g., the case in

- diffusion processes, in the ultracentyifuge and in machine drawn plate
-¥lass. In this case straight slits running perpendicularly to the deflection
direction can be used instead of a crogs lattice. This arrangement has been
' used for some time by customs officersfto separate mirror and plate glass.

I to the directionof defiection, the prejection ngle oblique sIit1is
Lenough. In this way O. Wiener investigated diffusion processes as early as
1893 (see §29) [i3]. |
L The so-called '"scale method" introduced into ultracentrifuge technology
L.can also be used in a similar case. A|scale is photographed through an object
L-located in the path of rays; existence|of light deflection is determined by a
.-shift in the parts of the scale (cf. §B0).
35 - Cne advantage of the schlieren mgthod is that a rather large field of
-vision can be observed at one time. IF this requirement is eliminated, i.e.,
-if the object is to be studied at one point, the following arrangements can be
used:
4o - 1. Direct registration of the deflection on a running film in accord-
ance with Figure 53. The image of the slit L is contracted by a cylindrical
—lens in order to increase brightness. | The object being investigated is locat-
ed directly in front of lens O; this mhist not have too large an opening, be-
W5 -cause large deflections of a different| magnitude within such an area of the
~object, which is also illuminated by al beam of light, can make the registra-
~tion fade. Diffraction phenomena also| determine the limit of sensitivity here,
. Weidert tried to increase the availpble resolution through the use of a slit
by producing an overlap of the diffraction of two slits with the aid of a
FNollnston prism. The center line thesjppresent has a greater gradient at its

N - . _ |

25 B If the state of the object in stgaight I%nefhézlconstantly perpendicular

30
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—edges and can therefore be measured mo

e exactly than the diffraction image

L’J(Jwr e

-of a single slit.
- 2. |Instead of the direct registyation of Figure 53, a photocel{l can
—first be more or less stronglycg}éymgg geg.ppg the registration takes| place
~in an oscilllograph. Naturally, care mjst be taken that when the deflpction is
i—-changed thje light does not always fall|onto different parts of the celll coat-
ting, since the coating does not have tHe same sensitivity everyplace. As is
done, for instance, in the Toepler arrangement, the light is passed through a
-diaphragm and the pertinent area of the object is cast onto the photocell with
—a lens. With the aid of two prisms, F, Weidert separates the light into two
—separate pencils at the position of the schlieren diaphragm in the Toepler
—arrangement; each of these strikes a sgparate photocell. One of the pencils

-is strengthened by deflection and the ¢ther weakened. With an appropriate
~bridge circuit, greater sensitivity and|independence of light source fluctua-
—tion can be attained in this way.

- .

- o b The F. Kopperschmidt

- S ': o Fffm urc€ompany (Hamburg) has built a

. e
S A TR - similar piece of apparatus for
- *-*<ZEE>%<E}H§r5555555555555==ﬁ* its own requirements; thorough
- - b : indrical L mechanization makes it possible
- s Cylindrical Lens io investigate a rather large

b

ransparent plate relatively

astiahd to mark the magnitude
¢f the deflection directly on
The plate itself in color.

—Figure 53. Arrangement for Direct Re-
cording of the LTght Deflection.
-

-

- 3. Another arrangement has been|developed by the Kodak Company
—(Rochester) by C. Tuttle and R. Cartwright [136]: two beams of light are pro-
—jected through the test object at a certain distance and unite again on the
-ground-glass plate. Both light beams pre colored and complementary to one
-another so that their juncture produces white light. Now if a deflection oc-
curs in the glass plate and has a difftrent value for one of the light beams
—than for the other, two colored streaks will appear next to one another on the
—-ground-glass plate. Sensitivity can bp adjusted in such a way that the colors
~only appear when a certain limit has bpen exceeded. This method can also be
~adopted for use with reflection. The Heflection is not immediately obvious,
'but only the difference in the deflectfon at two points of the objects. This
Hmeans, for instance, that the inclination of a reflecting surface cannot be
—determined with this method, but its curvature can be.

—

~III. Theoretical Fundamentals for Quahtitative Evaluation

-

~19. Determination of the Refractive lhdex From Light Deflection in a Schlieren
F The quantitative result provided| almost always by schlieren methods is
rthe spatial extension and the shape of| the schliersn. Valuable results are
—often derived from this fact alone.NAGP until 10 years ago this method was

rconsidered satisfactory for this purpolie. As shown above, however, suitable

_ (] 59
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Lconstruction makes it also possible to!measure numerically the light deflec-
I-tion undergone by a beam of light a§tenwit has gone through the schlieren.
-Naturally, it is not generally péSsibBid to'expect any conclusions about the
—physical state in the schlieren from this fact; this is because the lfight
deflection for a light ray ind'catqspa §ip¥1?)value for u» generally cpnsider-
-able numbelr of unknowns. A se¥1éS' of° dther prerequisites must also bp ful-
—filled before the schlieren condition is defined numerically.

- _ A The most essential of these pre-
requisites is knowledge of the slope of]
the curves for a constant n degree.
If these are known, evaluztion in
principle proceeds as follows: in
Figure 54 let the light beam L0 go

- C straight past the schlieren without be-
ing deflected. According to the
"Figure 54. Principle for Quantitative pure shadow method, darkening of
 Evaluation. the field of vision would begin

e S . . . .
Cover Page Sou otits side, since light rays L

rL2, etc. are deflected. Light ray L1 should go through a zone which is de-

"lineated by two surfaces (in the drawizg plane curves) with a constant n de-

1’

tgree. The shape of these surfaces must be assumed as known and will be com-
;puted within this zone with a uniform & degree; nder these conditions the
;padegreewin_thewjﬁzsx_zone»can be~comp#ted~fro$» deflection eT—o£—4ight—_mﬂ
;rays Ll' Light rays L2 goes through both zone 1 and zone 2; since n degree
tis now known for zone 1, n degree for fone 2 is obtained from €ye L3 goes

-through zones 1, 2 and 3, and since n degree for zones 1 and 2 is already
—known, n degree for zone 3 can be compfited from €35 until the innermost

"zone is known.
—

-

B If the complete gradient of n degree is detsrmined in this way, the re-
| fractive index itself can be computed from it by integration.

: If the geometrical form of a schilieren is now known at first, it is pos-
sible that something may be found by pfrojecting rays through the schlieren

_ from different directions. The basis [fcr the computation of light deflection
i is afforded by the following equation of theoretical optics:
- l
| A ,
de
f: ';;'=!! —;tirfginqa. (39)
i : i
Eﬁere R is the radius of curvature of the light beam, n is the refractive index
Land % is the angle between n degree and the direction of the light ray
: (Figure 55). NAS
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light fall

(ebqve

r Pa
x’x=x,"’

In Fi
for a poin
With the 2z
since the

.————;—;3—---_'

plane, the
through th

and Yo th

--Figure 55. Curvature
—of a Light Ray in an
—1nhomogeneous Medium.

—

at point P

—

.y,

. Since the path of the light ray can be

" n

2.9

:follows from equation (39), in which 1

—

Let the angle of inclination of

iight beam can be assumed as practically
a straight direction.

!

[ aPENUNICS o B9

T sing, )

re 56 let the direction of the inci-
el bgams of light be the z direction.
nts of the deflection of a beam of
ng through point Xis Yy amountp to
e Tiahd (e )
-yk Yy

x=x,* y=y,

ure 56 below the n degree is plotted
P which lies inside the schlieren.
direction n degree forms the angle ¢

If we now imagine a new
n plane, lying through n degree and
light beam passing through point x;
deflection of the light beam occurs
in this plane and gives

b

(40)

considered almost a straight line,

i
'hn

(1 + nt2)3/2

= n" (with n' << 1),

the n-z plane in relation to the y-z

=7 sind
=1’ sind
=" sind

t?lane be 9; then

L

x
%
X"

"
d ”
n degree

’”

y

From Figure 56 below we get the followLng relationships:

NAS}\

n degree

=-—L— sing-

=19 cosd
=5’ cosd
=" cosd

sing-sind,

cos¥.
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B Il

. . on
n degree singsind = ,_,

o n degree sin ¢ cos$ = ZL; . (44)

Cover Page Title

"By introducing (44) into (43), we get

nox’
L . w_10n (45)
N Y'=way
—In all cases where n occurs as the onl factor, we can then usually introduce

1 the refractive index before the beginning of the schlieren, with a fai-
' bit of accuracy, so that -
L ” 1 an_

—

L C T T meax’
- v Aon (452)
- T ong Oy
L
& Since the passage of the light rfy inside the schlieren is satisfactor-
| 1ly assumed as straight, x" and y'" depénd onlykonqul-The deflections (sx)x.’
C"and (e )_ , then produce T -
| Yk AR TR 4" A |

13 . ,
- 1 (0n
| (ex)x.'. 7Y =' f n (5;)1.-, " dz, .
- .

s (46)
. 1 (9n
- )s 3, ='f " (Ff)xc- 7 dz.
- , _ ' ‘

~because the deflection angle (ex)x 'y
- i
—0x/3z of the light ray at its exit frop the schlieren (thus at point x = x

Y=Y 2" zz)-

e

» for example, is identical with x' =

i’

B If n were now provided as a function of position, light deflection ¢
Fcould be easily computed from equation (46) (with the assumed condition that the
light ray varies only slightly from a btraight line inside the schlieren).
owever, in reality, ¢ is known through the evaluation of a schlieren photo-
"graph and n is to be determined as a function of position. Now, the solutions
:for this problem will be given below fpr three special cases.

1

T
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e rmre

B

— z 1. Cylindrical Fie: if
—, . Vo the condition inside the : .ie-
I B g Schlieren N, s " ren is constantly parallel co

; 5 / 9_¢~ & . the z axis, n, 3an/3x and an/3y

‘ ot T ,“ .1 are independent of z and there-

i — -—— 7 ’ ore can be immediately finte-

. ‘ : » - - grated with equation (46). Each
i - |- . : o beam of light goes through only

o~ one zone with an unknown n degree,
- 3 Therefore:
- y- plane 1 (o
r"“ g — -
I AT =4,
. ' €¥n degree sinpoosd N Y I - i
‘ 5 n d'egree sing &y =-*,1(5;)x y'l.n (47) ;
H - “~'n degree singsinth ’
t b L :
1 - z
. — or
20 F ource any _n ’
- (_37)::.;'—7; Exs .
» . o " .
: - - - . z - : ‘ ) (5—37):,)' R (47a)
f 25 Figure 56. Above: Deflection e, and ey
"For Point-%,—y of the Schlieren. B S

) - 4
CBelw: Resolution of n Degree. H re&Zs means the extent of the

s¢hlieren in the z direction.

SN -
B |
o 30 1 If the process under investigatipn is bounded by two plane-parallel
glass plates, another refraction occury at the exit where the light beam has
v__been deflected by angle €, so that e*,|which has truly been measured, is re-
| lated to ¢ in equation (47) or (47a) op the basis of the law of refraction as
 follows:
- 55 b
S ~ ne = nye®,
o - » . (48)
i B
P 40 -whence
I N dn\ M e
S B, =%e
t .-’ - on ____’_l_!_ »
St (?;)x.y_ l, Ey. ) (49)
. 1;5 -
o -
o ~The refractive index itself is then obtained by integration beginning with the
I edge of the process
50 I NASA
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+Since every ray of light may be practigally
= 0) is

I

~ ", ., = 1, —{~I—:/s:d:¢

- or

- »

L Ny = 2y -+ ‘,"i eydy
v YU LR -~ $ ~

™ or

B An 1 -

T fe,dx

= ar

u 4n 1 P

B —';;—— I, Eydy.

L

L

2. Axially Symmetrical %?%ia.Pa es%ﬁQ%%s with constant n should be
concentric circles at every point perpéndicular to the y-axis, therefore in
the x-z-plane, i.e., symmetry prevails|with respect to the y-axis. Then,

(50)

(50a)

i on __on 2r

- __9x  or ox’

t ———ee

! ‘r=~/z’+x’, rdr=zdz 4 xdx,
’—' .
- 9 _=x '

L ox v’

assumed as a straight line,

dz::.: —;—d’.

:Introducing these values into equation| (46) produces
g ; ) . v - —
- 1 on x;
(&) sy, =2 ;7'3-'“;‘4!,
- s .
1 1 on X3
r (‘l)t‘,y. =2 vl el Rty & 4
n Or T ’
L A Y-+ )
i Te .
- i 8n 4
. (‘:y)l”\‘=2 ol Pl 'd’.
o k n by |'_—,_
o =g V; *

(dx =

(51)

(]
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- In order to evaluate these integrals, let us divide the cross-section
-_—into a series of concentric ci‘;*é:;lgsor&g - Figure 57) and in each ring posit
]
51 on
- i - | By = const =y,
I l H_ ~and . (52)
: - i on )
i - -3-)—,=const = 9,,
el 1:hl th
i Then, for the deflection which the i~ light beam experiences in the At
1 c1rc1e (n introduced as a factor appro*lmately equal nO)
i _
; ~ m
o5 (Bedr, 5, =222 / l/'_"?*’
: . and ,
: N ) (53)
s =20
(a 20 " ( A)x Vi "d‘/“/rrlj;id’.
--are valid. !
~ i
25 F Both integrals can be solved and|give | /371
: IO o]
Z (Edere =202 % l%fsm Aot Moil’s],
ol =228 [T /T
§ 30 B Eyalxio v = ™ X ] .
i . . '
3 N th
4 B The total deflection of the i~ [light beam may then be written as a sum
; T_Of the single deflection in each of the differert circles
i 35
; N
i l- (Ez)x,.y,m 2 HBa [?lt(,oy -—~—-‘2(t an
'-
. 2 X ] — 1 -—x’
| ho |” E)sun = ‘.5' [V’ '-—‘—~ -i—;i— (55)
;.:J -
: Each equation (55) contains its own b#is for evaluation. With the € (or € ),
' Ls :measured for each light beam Ll’ "'1 (o'r v,) is found; equation (55) for light
rbeam 2 then contains only My (or vy ar an unknown, only Ha (or V.‘S) for light
'bean 3, etc. until all of the u (or v) of the cross-section are determined.
50 I NrS
- _ | _ ]
L C ] &5
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\
rd
e e
- ’ The values for the functions in
- - z one fPrackets in equation (55) can be com-
- ~~4 """ 'puted once and for all for a finite
r : -4y division of the cross-section.| The
7 —\\f<:i\\ ) Pﬂryeﬁr?ttive index itself is theh found
. “Jby' integrating
@, i
1 LRrARATS ~ - ‘
10 - - v A= n 5 z n(r,y)=/(%’})ydr+n¢
. N - N . 56
- o | or | (56)
L ' ' ‘ ’81; .
_ ; . _ n(r,y);/(w)'dy-kno.
3{ o . Yo - '
~Figure 57. Division of a Cross-
~Section Into an Axially Symmetrical
~Field in Concentric Circles. z2-Axis = In practice only the first of /372
og = Optical Axis, x-y Plane = ObJectr Pade Sothese two equations is applied,
~Plane; y-Axis = Symmetrical Axis since these provide for determina-
—of the Process. tion of n directly from the eval-
- uation of only one cross-section,
b= while making the other integration
oc r-requires previous evaluation of a larger numbef of otker cross-sections.
TR —_ e _ S e
- 3. Spherically Symmetrical Fielfl. Tn this field all points with the

, [Were set up in the axially symmetrical
30 !
—ly valid here for the X-axis, too.

35 -clearly determines the condition of thf entire spatial field.

~deflections are zero for symmetrical rgasons.
4o

T

N

T

[with an equal An at the same spot 9

{ )

—same radius have the same n. Thus, axjal symmeétry does not apply to the y-
~axis alone, but also to the X-axis. Therefore|the same reiationships which
field for the y-axis are corresponding-

- In this case evaluation is considerably simplified by the fact that a
~Cross-section going through the center| of the spherically symmetrical field

- Thus, evaluation of such a cross-section according to the first equation
~(58) is sufficient. The second equatipn (55) does not apply since the lateral

Irregularities in the Refractive' Index. Sometimes the refractive index
in a schlieren does not increase steadily from n, but jumps to a certain value

of n. This is the case for all explosfon and firing phenomena in which a
shock wave from the center moves forwalrd with a sudden increase in pressure
““ 'and refractive index. If a schlieren produced in this way were divided in
?accordance with methods mentioned akov into a series of very narroy zones --
| practically impossible in most ceses--|, the infinitely steep rise would al-
,ways be flattened out into a finite rige across the first zone width. However,
ﬁ t&e schlieren, a finite rise produces a
' [ greater deflection of the light ray €han an explosive rise, as can be swen

1

.
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—from the above equations and from Snell's law of refraction. Vice versa: if
€ is given, too small a Aa is pj;/gi&e{gl rom a flat rise, and only a series of
—-steps bring the facts closer to the redl An. Therefore it is necessary to
—take An directly from the Snell's law 9f refraction wherever the refractive
-index change is unstable. The. relatjonships derived for the inside the
—schlieren jpreserve their validity as ba#fore. -

b—

—~20. Determining the Other Equations of State

i

- In all materials the index of refraction is in a direct relationship

Fwith density p,and the formula providetf by L. Lorenz and H. A, Lorentz is
--valid: ‘

f— ”’—’
L nt42

= k.

. QI-.———

(57)

~This should be used for processes takinmg place in fluids. The constant k
Hmaintains its value with greatCpreciBig¢m ®wencdn changes of state; it is desigd
~nated as the specific refractivity of the particular material; multiplied by
~the molecular weight it produces the m¢lecular refraction.

—
— However, when only processes in gases are concerned, n is not very dif-

Lferent from 1 and n2 + 2 ~ 3 can be po$ited fi#st; this produces the formula
~of Newton and Laplace

L 350
- RS S A

— n*—1 .
i ( e =k (58)

A ——&

:l’his can be further simplified by positing n? - 1 = (n + 1) (n - 1) and, for
n+1%2, introducing:
- 3 .-
- ——=k.

- e 2 (59)
~This formula was first established by (ladston and Dale on the basis of in-
'-vestigations by Biot and Arago (1806).

- The indices for constant k may be taken from Table 3.

o The gas formula below is used with gases for computing from density to
Fpressure cr temperature:

Z p_R

~ e M T.

(60)

‘ » #, T, R and M represent pressure, density, temperaturs, gas constant and
Hrolecular weight. If p', p' and T'Nifficate the corresponding data for a

L L]
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Lcha.nged condition, :
= Page One _— '
- £_9r. T (61)
N e 7
l Cover Paje Titie
- TABLE 3. SPECIFIC REFRACTIVITY AND MOLECULAR REFRACTION.
- !
-
- Tem-
L per- )
a-
= Mo)/ecular
[ 4

- Material Formulatt:ET,=0539,. glem? Refraction
L Ai\r, e e e e e 0 { 1.000292 | 0,001 293 o.1505| 435
- Oxygen . . . ... .lo o 271 1429 10,1264 ' 4,04
B Nitrogen o e N, 0 29 1251 10,1583 | 4,43
_ Hydrogen o« o H, 0 143 0090 | 1,0595 . 2.14
L ' Carbon Dioxide . + | CO, 0 449 1977 '0_1514; 6,65

Methane . . . . . .| CH, 0 444 0717 | 0,4128 | 6,62
r . Acetylene . C,H, 0 510 1171 [ 0,2903 | 7,55
- Water . . . . ... .lHO 18 | 1,33300 | 0,098¢ | 0,2060 71
~ Carbon tetrachloride.|CCl, 1S 146455 . 1.5030 0,734 26,67
- CLarbon disulfide . . s, 18 1.62887 | 1,2632 - 0,2813 . 21,41
| Chloroform . . CHCI, 18 1 1,45008 14483 ' 0,1856 | 22,16
-——— Methyl alcohol . . CH,(OH) 18 1,33001 Q7915 .0,2578; 826 s

~Ethyl alcohol . . . .|CH,OH) 1S 136306 0,7894 o.2.‘517f 12,97
o Acetone . . « ¢« ¢ [ (CHy),CO 18 1,35960 | 0,7920 .0,2734 | 16,16
- Benzene . . + « « + [ CH, 18 ; 1,50296 ' 0,8787 |0,3364 26,26
L Toluene . « + « « |CH, (48 . 1,49904 - OS8659 | 0,3391 31,22
—
. To compute the pressure and temperature separately we need more information
.about the kind of change of state. Let us consider the following cases:
— !
- 1. Isobaric Process p' = p. Then,
= iy
" I _.e
i} a2 (62)
~This relaticnship is used, for example, in evaluating all thermo-hydrodynamic
rprocesses. In these cases a changc in density is caused practically only by
a change in temperature, and pressure [is to be assumed as approximately con-
“stant.
B
- 2. 1Isothermal Change of State T' = T.
r. <
n P e (63)

]

r’ .
Tr. Note: Commas indicate decimal points in Tab
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- Free isothermal changes of state in which a change in pressure would
-have to be measured are practi&al}yhe§c4ugfd. However, equation (63) could
L be used tq compute the light defiection' in an air lens between glass purfaces
—1if the lens can be filled with measuraljly adjustable air pressure and| main-
|-tained at |constant temperature. The Zegs?igpgpany suggests using a device of

—this type jas a standard schlie%%\r’le.r Pag

3. Adiabatic Process. With P

(65)

= In the following table we provide for aif, as a function of n and of
—the change in density as a percentage pf density f&np°C:
- . corresponding temperatur¢ for th¢ isobaric process,

corresponding pressure for the isothermal process and

pertinent flow velocity For the adiabatic process, namely

a, expansion from an air pressure tank and

b, in a sound wave with finite amplitude.

- In the first case the flow veloclity u is computed according to the air-
-pressure tank formula of Saint-Venant hnd Wantzel (1839):

(66)

~where a, represents the velocity of sound in the container and o is the den-
:sity in the container.

[

The flow velocity u' in a sound ane with finite amplitude, correspond-

fing to an adiabatic change of staxeuxg

h the assumption of a linear flow
"process, follows from equation: '

[ ] 69
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' Here a reﬂresents the sound velocity characteristic of the state p, o|, T
through whiich the sound wave passes:

: =V

—~and p' represents the density of the pTint with flow velocity u'.

TABLE &.

] Temperature ' .
Refractiver in ¥ of in °c at FPressure IVelocity -

Index n he Densityl, = 760 inmm Hg |in m/sec

at 0°C mm Hg at t = 0°C{ . |

1,000292 ]
291 0,354
290 0,708
289 1,002
288 - 1,416
287 1,77
286 2,13
285 2,48
284 2,83
283 3,18
282 " 3,54

5600 | o
757.4
754,85
751,7
749,0
746,5
743,6
741,1
738.3
735,7
733,14

CVWRXNANIWN-O

4. Change of State According to| the Dynamic Adiabatic Curve. In the
case of determining the pressure in an| intense shock wave, the change of state
“at the front of the pressure shock takps place according to Hugoniot's
“equation :

N AT AT AW 7 U 4
s ¢+ —)=v= (%)

—

fwhence

[Tr. Note: Commas {nd
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~holds:

A
I

= The dispersion velocity of the fj

—city u and the change in temperature can be similarly computed . For a shock
+-wave traveling in air (p = 1 Atm., a

—d'te ‘

|

=,340 m/sec), the following relationship

--Here y is the compressibility.

f.and 8 for several fluids:

TABLE 5.
- elativeChange in the
- Temper-Pensity JRefractive
- re

- Wave Velocity tow Velo ssgr#ature Jump findex An
- w in m/sec ity u ingump inlyump i = R osmon
" - . m/sec Atm. °C o ) ine)
B : 340 o o o o 0,000000
- 360 32,3 0,14 10,0 | 0,102 0029
— : 380 62,0 0,29 - 21,2} 0202 0059 . )
- 400 92,2 0,45 286 | 0307 | . 0090 T
L : 450 160,2 0,88 58,7 ...-0,564 0164

: 500 223 1,36 853 | 0819 . 0239
~ 750 495 4,52 - 246 - 1,968 T 0574
- 1000 734 3.96 461 2,814 - 0822
L "~ 1500 1181 21,6 1068 3,78 . 1104
N 2000 . 1611 39,3 1910 4,26 : 1244

2500 2035 62,1 3000 4,50 L4314
- 3000 2460 90,0 4330 4,64 1356
o 4000 3300 161 . 7720 4,30 1403
- 5000 4135 252 12050 4,88 1426
L In dealing with fluids, to convzt:t density to pressure in an initial
—approximation it is sufficient to ignore the influence of a change in tempera-
-ture and make the change in density prpportional to the pressure:
I

-
- oo ap
” e ' (70)
r—
-

Its numerical value is given in Tables 6, 7

(69a)

font of the shock wave w, the flow velo-

k
;—-ISee also Handbuch fur Phyeik [Handbook for Physics] (Geiger-Scheel), Volune
}-VII, Article by Ackeret.

NAS

Tr. Note: Commas indicate decimal poihts in Table 5,
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TABLE 6. COMPRESSIBILITY y =

Page Dne

! %ﬂ- IN ATM “1.106 FOR WATER.

Pi-

Pressure in Atm.

40¢ 60°

1— 100
100— 200
200— 300
300— 400
400— 500
500—1000
1000——1500
1500—2000

2000—-2500
2500—---3000

17

{

TTTYTTTTY

TABLE 7.

-y
4

Cover Paqe
COMPRESSIBILITY y = >

' 44,9
- 42,9
. 41,6
40,7
i 399

37.1

32,6
i 29,8
! 27,0

24,9

45,5
43,2
41,7 |
. 40,6 i
39,7
“37-0 .
32,8
29,9
27,0
24,9 |

Source

£ IN ATM ~1.106

p FOR ALCOHOL.

Pressure in Atm.| o 20

40° 100°

T

§o
50—
100—
200—
300—
400—

111
104
95
86
8o
- 73
69
65
62
58
55

T

7
73,
68

I

600— 700
700— 800
800— 900 _
900—1000

64
60
57
55
52

B Compressibility decreases with i
_volume of the molecules becomes much
_increases with rising temperaturel.
_the following formula:

o
-

-

where a is the cubic thermal coeffic

L
}—
_cp is the specific heat (under const

125
118
107
96
87
81
75
70
66
62
59

151
138
122
109
98
90
84
78
73
68

158
138
122
109
100
92
85
79
73

107
96
89
82
77
72

- 67
63

119

creasing pressure, since the individual
re noticeable; on the other hand, vy
e prevailing temperature is given by

(71)

iit of expansion, p is the density and

pressure).

~TPartially abnormal conditions existAi

R water.
nts in Tables.

NAS
50 tTr. note: Commas indicate decimal poi

[22_

[ ]




TABLE 8.

=
(4

COMPRESSIBI&ITY ¥
age One
TETRACHLORIDE.

N

i

—fx IN ATM-1+10® FOR CARBON

Pressure in

20°

Atm.

Determination of the Shape of the
Surfaces

If it is assumed that th h&
~a plate glass is conditioned o ?¥e ¢
“ations in the refractive index, the fo
| between the angle of deflection ¢ dete
“wedge-shaped angle § at one spot in th

— 3+e
é

ere ¢ is the maximum deflection exist
r-the deflection in one definite directi

e =
x € COS B or Ey

(B is the angle between the direction
-tion), we get

-

P

T
)

The change in thickness Ad is ob

20, Yo
NA I

SR L A R (R R A R |

1—100
100—200

+ 200—300
300—100
400—500
500—600
600—-700

= n, whence 6 =

Ad:fé,dx=]o,dy.

100
90
82.
75
68
62
56

Surface of Plate Glass or of Reflecting

eféectlon of the light passing through
e 3H4pe° of the surface and not by altenr
lowing simple relationship obtains
mined with a schlieren method, and the
plate (cf. Figure 58):

!

i

&
n—1"
ing for the particular point.
bn is measured, so that

—7-

If only

= ¢ sin B

pf maximal deflection and the X-direc-

(73)

— ey
T m—1)sing"

tained directly by integration

L

|




-Figure 59. Determining the Shape of

§ is to be taken as a vector wit

-

Page DOre

i

! 5. = &
'g Co¥er Pa
ij 6 = §o
! y

and therefore (with 73)

Ad‘=./f¢$cosﬂd:4:.= ”._1_1 fs,dx

Xede

or

the components 8§ and § : E
hTittc P X y
1
gos_8 ‘
ge Title ‘
qin B, !
z
o Yo H

v (75) |

Ad=f6.sin-ﬁdy== ;;}Tfeydy. .

T Ve

Xer Yo

If the shape of a surface is teCb8" det$ImifiétC@lone, the light must be re- %

flected onto it and the light deflecti
inc
def

e/2

lFigure 58. Determining the Wedge-
.Shaped Angle of Glass Plates.

e measured by the reflection. The
lination of the reflecting surface at a '
inite point in relation to the surface

vertical to the incident light beam is then.

(Figure|59). The elevations of the re-

_flecting surfate''hre analogous to (74):_ . |

!
!

% ' ‘y j
1 1. 1
Ad__:?/g‘dx=~2~./$ydy. (76) |
X0 Yo

X0 Yo

IV. Applications of the Schlieren
Method

Possibilities of applying the
schlieren methods are extremely ver-
satile. It can be used wherever the

the Surface of Reflecting Surfaces.yas

| condition to be investigated causes

a light deflection in a transpmarent |
idiom; in addition the shape of a !
reflecting surface can be investigated
by using them. Below we shall not be!
concerned with an exhaustive report
on all applications and results up to:
the present time, but shall only
select a few significant items.

p=3
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Previous and following explanati
-attention to the fact that in pany cas
.-sent a useful and simple experifeéntal"
}—up to the jpresent.

FZZ. Inves*igating Lenses and %%ncave

If the schiieren head itself is
F-arrangement and the ground-glass plate
cal and chromatic defects become visib

F—

%—‘

FFigure 60.
..Concave Mirror in Testing With
Foucault's Cutting Method.

Skatch of a Spherical

i

ver Page

Cover Pagéchddeden diaphragm can be found at

ns also have the purpose of calling
.t?g schlieren methods really repre-
001 Which has not been commonﬂy used

onsidered the object in the Toepler
is sharply focussed on it, its spheri-
e.

In using monochromatic light or
concave mirrors (which in principle
cannot show up color defects), only
the spherical defect is considered.
Marginal rays, zone rays and axis rays
do not have the same sectional width,
so that in practice no position of the

which uniform darkening of the field
of vision occurs when the diaphragm is
narrowed.

Wh¢n multicolored light is used,

?—

CSectional width deviating by a definit
i-appears colored when the diaphragm is i
- As stated in our previous remark
rdefects can also be carried out.

the red gpggg‘or blue rays also have
3 amount{”%ﬁ’ at the field of vigion |
narrowedi

i
5, quantitative determinations of the

l.._

- The use of the schlieren diaphr

—"Foucault's cutting method".
-the Toepler schlieren method.

Therefor

o

I

TTTTTTTYTT

. Figure 61. Ritchey's Arrangement fuks
%Investlgatlng a Parabolic Mirror.

of an optic was already mentioned in 1B59 by L. Foucault and is known as

Its particular advantage is that optical =x-
—amination can immediately show at what| spots, for instance for astronomical
-purposes with a concave mirror, there pre still defects; this is very es-

~sential, especially when correction is| done by hand.
-pearance of a concave mirror upon whicP

p=3

m to investigate thie correction state

it can be considered a forerunne: of

Figure 60 shows the ap-
the marginal rays deflect too strongly.
When the light comes in parallelly,
the mirror must be curved paraboli-
cally. The arrangement of Figure 61

can be used to test the parabolic
shape, but naturally requires the
presence of a plane mirror. Just as
in the coincidence method (p. 317),
the light source and the image lie
right next to each other.
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+-23. The Investigation of Flat Glass |

I A very important avea of #pplicadibh' of schlieren methods is thg in-
-vestigation of flat glass, such zs optjcally ground plate glass, mirrpr glass,
drawn tablle glass and plates °€§€§$xﬂ§ 355;?ﬂ3 other plastics. !

— A pﬂane-parallel plate can have the following defects (see FiguLe 62):

— 1. The plate can contain bliste¥s or inclusions of foreign bodies
—(Figure 62a). These spots appear as black specks with the direct shadow meth-
-od and are indicated very distinctly by the diffraction fringe of the light
~Passing through the completely stopped|diaphragm of the Toepler arrangement.
-Tris defect does not gemerally disturb|the optical arrangements, but is very
—annoying when it occurs on photographjc plates.

- o 2. The plate shows schlieren in the
- a b ¢ 4 e narfow sense, i.e., it contains places with
- refractive indices which do not correspond
L 4 CorertRagheSnominal value (Figure 62b). The

= 0 | magpitude of the light deflection caused by
- - | thi$ depends on the value of the refractive
— ! ind¢x and on the shape of the schlieren.

— =] |« Evep if the refractive index perpendicular
L = L to the plati is constant and an n-degree is
+Figure 62a to e. Faults Which only parallel tp:the surface, light deflec-
[May Appear on FTat Glass. ~tiop occurs|{cf. equation (2I) and (39)).

- The cause of the appearance of s hlieren‘is particularly to be sought

-in the irregular mixing of the glass m
L 3. The two surfaces of the pla
l-their being parallel to one another (F
—shows a wedge-shaped defect which is n
—constant magnitude for the entire plat
~sighting through such a plate, is it i
-fairly small.

— A suitable method of testing is
-the prism method or the Toepler arrang
~given to having the plate in question
- 4. The two surfaces are not plahe, but their deflections run parallel
~to one another (Figure 62d). If the lfight goes through without too oblique an
~incidence, practically no defect is seen on such a plate. However, if the
~light is allowed to reflect onto the pllate, the defects can be abnormally
~large under some conditions. Therefore a plate must be jnvestigated by either
-penetrating light or by reflection, depending on the intended application.

L NAS
1
I

1t.

—— -

can each be perfectly flat without
gure 62c). In this case the plate
t generally annoying, if it is of a

. Only in special cases, e.g., when
portant to keep the wedge-shaped defect

O o

he lattice diaphragm method (or else
ment), where attention must always be
n a parallel beam of light.

e

7 [ —
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I 6.
"of a plat
“this purposel.

pthe lattice diaphragm method. If refl

[‘also be coated with a black lacquer.
light in the lacquer layer penetrates
| contact and is absorbed here.

" wise new deflections could occur and g

“cases, since the schlieren methods all
"evaluated.

o With the assumptiocn of a

"knowledge of the shape of both
—defects_for penetrating light.
“to these values are then to be

constan
surface

Deviat
attribu

Let us discuss a few practical e

Figure 63 shows the Toepler schl
"plane plates which are to be used for
"has a zonal grinding defect; the plate
~fect, i.e., either one or both of the
spherical surface of very slight curv
“the blackening remains identical when
while a wedge-shaped defect becomes n
:of brightness on the orientation of t

|
-

become bent during the grinding proce
—temperature differences (uring grindi

~a consequence of this theres remain deflects which cause deflections of the order

~of magnitude of several seconds when
k-

Neither surface is plane nor parallel t¢ the other (Figure 62e);
Mdefects occur for both penetratimg @nd [reflected light.

Scveral of the above—mention‘d defects can occur at the s
"The following course of actionCdsetopix :
under such circumstances: first the shape of each surface iis to be
 investigatled quantitatively and a refléction image of them is to be taken for
Since both sides refle¢t, under certain conditions an evalua-
tion of both sides can be obtained imm&diately from a single exposure with

clearly distinguished, care must be taken that only one side reflects.
rally a mirror coating is always successful.

In investigating both surfaces successively,
clamping the plate a second time should be avoided if possible, because other-!

_is free of defects (i.e., within the IFmits of sensitivity of the setting).

- Mirror glass is ground and polished mechanically in large sheets.
—the original material is uneven and thle grinding process very rough, the plates

aﬂe time.
takehe to determine the true condition

ected light from sach side cannot be
Natur-
However, the temporary back can
en this will not reflect, since the
lmost completely because of uvptical

ve rise to considecrable defects. [

o o |
An absolute measurement of'$he 44 ckRess” should also be made in all :

pw only alteration in density to be

L refractive index for the plate, a

allowsiimmﬁgiate computation of the
—in al measurements opposed |
ed to the existence of schlieren.

|
Famples of these facts below.

ellow filters. The toomost one of thes
to the left below has a spherical de-
urfaces are not plane, but part of a
ure. In this case the distribution of
he plate is revolved in its own plane,
iceable because of the great dependency
plate. The lower plate on the right

eren exposure of three optically groun?

Since!

In addition, stresses caused by
can provoke secondary deformation. As

e mirror sheets are mass produced and

"'posures of the surfaces of two dist

"1The two colored pictures 126 and lggi%n Plate I provide as examples the ex-

d glass plates taken with the lattice

i_disphragm method.

L
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| the‘llgﬁt peneuratca perpeﬂdicularl) 'However, wedge shaped “defects of the E
L order of magnitude of up to 2 minutes }an also occur with local deviations
usually amounting to only a feke%edond : I

Colored Figure 64 on Tabgz I pro-

‘yvides! the example of an exposure made
with the prism method of a mirror glas
nlate. The shade of the plate, rela-
tively uniform but very different from
the backgzound, is caused by a constant
wedge-shaped defect; otherwise the
plate has only a few insignificant
schlieren. In contradistinction tc
this, considerable deflections occur
in the mirror glass plate in Figure &5
on Table II (up to about 1 minute).

LN S N S S B T

Lo

15

If the glass is tempered during
1 Pover raidhe gooling process, e.g., by a blast
.,gj l1of cold air, strong interior stresses
occur which give the glass com=id~rable
strength against noruai outside pres-
(sures.  Figure 06 shows a Toepler

L S S S PSS
[IR]

L ud

: “Figure 63. Yellow Filters in the
i +Toepler Arrangement. Upper Plate,

{schlieren image of a glass plate of

i o5 ~Zonal Defecis; Lower Left Plate
"’ spherical Defécts, nggt Plate; l*“ls type. (! Oiizg was carried out by
Free of befects. using genunber of nozzies—

from which cold air slowed. The re¢sult
of the inside stresses built up in this
way is a deformation ieading to a lin-
ear type pattern of the schlieren image.

Today normal sheet glass is either]|
drawn from a nozzle (Fourcault methcu) |
or produced by the Libbey-Owens method. |
Formerly it was blown by mouth, but !
mouth blown glass plates are hard to
obtain today. They may be immediately
recognized by locking through them and
by reflection because of the irregular |/383
! nature of the light deflection (Figure
67 on Table I), while machined glass
usually has drawing streaks in a longi-
tudinal direction {(Figures ©8-70),

The exposuves In Figures 68, 69!

Flﬂure 66. Tempered Glass (Sekurit and 70 on Tabie II are taken from
| Safaty Glass). Tempered By Blowing the same glass plate (plate size
! . Alr From Nozzles. Linear Structure 25 x 25 cm, 4/4 glass). The lattice
Lof the Surface. NASF coustant of the coiored lattice
50 diapkragm used was 2a = 3 mm for

J

(W
|




[ D
LFlgLres 68 and 69 w1th a focus depth of the concave mirror used K2 of f' = i

"= 350 cm (cf. Figure 30). In tthis way{the occurrence of the first color (red
ror reddisk-brown) of a deflection of ¢|= 2a/f' = 3/3,500 ~ 3 min. Now the

: dlaphragm in Figure 68 is oriented ver41ca11y and it is seen that theg deflec-
%tlon of 3 min is reached only dmvsmalliarkas!at the upper edge of thq plate.

" The same plate is the subject of Figure 69, but the diaphrz_a is oriepted

‘ horizontally. The deflections are essentially greater and extend into <he
r ' third order; the direction of drawing is strongly marked. The plate in Fig-
“"ure 70 was taken with a round lattice diaphragm so that here the absolutc
E value of the light ceflections were made visible independent of direction. By
| a direct comparison of Figures 68 and ;J; it is found that practically only

“defiections perpendicilar to the drawing streaks are present. Therefore,
| Figure 70 must agree almost completelyiwith Figure 69, ard this is indeed the
'7._case except for a different color sequence.

Sheet glass is divided into thre% quality classes today:

1. Structural Glass, First Type[ def1ned ty DIN 1249:

wuved

The glass may only contain shall inconspicuous defects and faults
~which cannot be completeiy avoided during production. When looked through at
{ an angle equal t¢ or greater than 35° siperceivable waves, streaks and schlierer
must not distort the image. Blisters pnd scratches may only appear in isola-
tion, but not rather large scratches.

(L,‘l

[ — RO WS v [T ———— —

Thls t/pe is spec1f1ed for g1a21ng 1L hlohor—c‘ass residences,
[publl” buildings, store furnishings, etc. |

2. Structural Glass, Second Typg:

The glass mey contain larger| numbers of defects produced by the
"'manufacturing process and in greater sfize than with structural glass, first
= . s O .
type. The waves and schliercn may occur more significantly than in structural
glass, first type. If special requirejnents are not levied upon it, this type
K be used for glazing factories, shops, simple dwellings, etc.

Glass which does not meev the requirements of the second type is not
"fitted for buildings. It is designated as greenhouse glass and may only be
used for nursery purposes. |

e

Up tc¢ the present time no exact method for d15t1ngu15h1ng these classes
of quality has been introduced. Numerou: measurements! of glass coming from
"a number of German companies have shown taat the maximum mean light deflect1on4
_for penetrating light amounts to 1 3/4 min for structural glass, first type !

{
|
f
t

and 2 1/2 min for structural glass, seicond typ-.

(o

+1carried out by G. Stamm at the BallAffic Ins:itute of the Air War Academy.

B 79__
Reinan dd




A a}

2C

30

35

Lo

50

i
[

The "greenhouse glass'' quality o tcurs often because under certain con-
g q

|
§ 5 N B N B N B W K Im

x
|
_d1t10ns locally intense drawing:.streakq, schlieren, etc. occur while large !
| areas of the same plates can be otherwise very good. In Figures 71, {72 and
""73 on Table II three typical representatives of these three types of |glass
_are compared. In order to makéwisibdg the! Bbsolute value of deflection, a
"_round lattiice diaphragm was used again|(lattice constant 2a = 3 mm, f|' = 350
. cm, i.e., Tted = 3 min; yellow = 6 min) In Figure 71 (structural glass, first
type) no colors, but only a darken1ng,10ccur, this corresponds to a deflection
"of 1 1/2 min. However, with structural glass, second type (Figure 72), angles|
of deflection of 3 min (i.e., red coloring!) are reached at some points,
wh11e the image of the greenhouse glas# (Figure 73) appears quite variegated
" (angle of deflectioa up to 6 min). Thuys on the basis of the colored schlieren
_image, one glance can definitely tell the quality of a plate glass and
| pure estimates are no longer necessary, Not only the maximal light deflection
“but also the distribution of the diffefrent large deflections on the plate, are
3 conclusive in evaluation. !
E D 4“ e Just what is necessary for
! LOVEr Tag® 20U gheet glass and what must be
., ' tested? Schlieren methods di-
L@ S — rectly furnish the angle of de-
T e/~  flection ¢. This is decisive if]
'L ' : E.g., an optical measurement is
_o e —f to be taken with the glass. In-
— — N\ . on—of-the curve—-of-the |
r — A g:gle of deflection provides the
L L A hange in density of the plate.
f o is is of importance in deter-
[ ' . ' mining which defects exist in
L :;:: R e st s’ w— ' the machine when the glass is
l[ c;"____' o ‘:ﬁ;f'ﬁ;ﬁf‘%’.“‘} : dra\t;m.h Howelzer, what part}i‘cuxar'
i e e Y e e T ~ ly bothers the eye is neither
l’ B 5§ 0 5 8 5 N w # xon the change in density of the
- ainkm : glass direc?ly nor the.size of
L ':', T k_P—k:_4t”' = t?e deﬁl:ct1on. For, if tge
! .2 A . fA e ——F plate had a very strong and con-
t gnzﬁ}a\'}l‘“} A '“‘f ATSAS Vl%l-lh'—nh{'l \‘,1[ stant wedge-shaped defect, this
P :ﬂ:l : 31;} : - O —1 would be almost imperceptible
i _;l“"ﬁ‘LTW' we -fl I ;;'T—'“_I"'Tf'l‘l“‘TTTTf"ﬁT" drct . to the eye and the plate would 1
L

»Glass.

i
|
|
- | |
|

appear free of defects. From |
, this we know that the change i
Flgure 74. Alteration in Density ad, | in the angle of deflection
"Deflection ¢ and d €/d x in Machine de/dx is important for an effect
which disturbs the eye.

i
1
i
I
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. } But how can schlieren methods be applied%to the scientific investigation
e

, I i
" -1The curves represent the evaluations made by Prof. Weidert for the glass

_We find de/dx by differentiation of thi empirically obtained curve for the
-deflection. The change in dem§ipy‘Ag?';japd de/dx are plotted in Figure 74
..for one casel. A

- Several examples used iqhdesggibvpgrtpe)various schlieren metths can
—also be used to investigate other objedts made of glass. The exampl:% pro-
—vided thexe (Figures 5, 9, 42, 43) shoyld be sufficient in this connelction.

b

—~24. Thermo-Hydrodynamic Flow Rhenomon# in Gases
- In enumerating several applications of schlieren methods, we shall first
~mention the best known. In setting up|a schlieren arrangement, the quality
~of the optics used and of any built-injcells must be explained first. After
—this, the apparatus is generally tested, always with the aid of a flow process
—generated by heat in gases: a burning match, a candle, an incandescent bulb
_or the warm hand. The mean light deflg¢ctions for these cases were given in

~numerical values on p., 340, The quality of the structure can be judged accord-
“ing to this.

Cover Pcge Source
; The use of these processes as teft objects is so appropriate because
—slight differences in temperature caus¢ a relatively great change in density
L (see p.375).

..of thermo-hydrodynamic processes? ‘ )
- One problem which has constantly| stimulated new research because of its
~difficulty is the determination of heat exchange between solid bodies and
_fluids or gases?.

b

L Although mathematical solutions pf the pertinent differential equations
~have already been found for heat exchapge to perpendicular plates with free
+convection, in harmony with the test ditions, we are still far from having
satisfactory solutions for complex bodliies. The heat transfer to horizontal
~pipes of circular-cylindrical cross-section has special interest for practical
—application. Theories for this process have been advanced by Langmuir, as
~well as by others. (Cf. R, Hermann, WI-Forsch., No. 379) To experimentally
~validate theories of this type attempts have been made to measure the tempera-
-ture field with thermocouples. Although it is certain that the temperature
—field in general will not be very affected by very thin wires running through
—it, right at the place where the measurement takes place, i.e., at the surface
~of the thermocouple, the velocity of the flow will be greatly retarded. It is
—difficult to judge defects caused by qfat conduction and radiation; this is

~plate shown in Figure 51. In this ¢ the deflections were obtained accord-
~ing to F. Weidert's method described an p. 362.

-2Cf. the thesis of Joh. Gaebler (Technlical University, Berlin, 1935) from
~which some of the following data arv-tiken.

[ ]
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1—particularly true in the immediate neighborhood of the pipe, where the temp-
—erature gradient can reach values of tie order of magnitude of 600°/cm. Since|
—a rather long time is also requifed to éiﬁﬁre the temperature field, which
—must be ddne peint-for-point, it is extremely possible that uncontrollable
-distortions of the temperaturﬁ:gig}qjo ten. epter the measurements and falsify
_them. OVer age titie

P~ For these reasons, the purely optical investigation, as is possible by
~using schlieren methods, offers consid¢rable advantages because here the
~temperature field is not disturbed or affected at all and the measurement is
rassigned to only a single point in timf.

}The shadow image immediately provides the maximal temperature gradient and
Tthe limits of the temperature field. i
N , 5

!
P

- In 1932 E. Schmidt used the dirett shadow method as described on p. 35g

i Let us again show the relat-
= ' 3 ionships schematically in Figure
? > Sou?Sa The parallelly incident light
is deflected most strongly at wall
W of the heat radiating body (wall
temperature Tw) (angle of deflec-

tion [ex]w). Deflection €x de-

“Vicinity of a Heat Radiating Body. . |... . creases when the distance x from

thé wall increases, until at X,

- i it|is practically equal to zero.

' The result of this is that the light r ys overlap beginning at a certain dis-
tance from the process. If the light [is collected at approximately a distance

_Zp,s @ sort of focus line is established there. At a greater distance g, the

~rays bypassing wall W lie farthest tside and therefore the deflection of
-these rays can be determined with compllete reliability by the pure shadow
~method. Moreover, the area in which deflection takes place can be provided;
—on the exposures it projects a completely dark area around the body. Figures
-76a and b show two examples taken by E. Schmidt!.

r..

- The heat conductivity index can how be computed from exposures of this
-type. Let:

-

- Pys Py» TO’ n, be respectively the pressure, density, temperature and
“refractive index of the gas (in regular air) at T, = 273° abs,

0

Pp» Pus T,, N, the corresponding magnitudes for the gas far removed

o0 ?

from the heat radiating body,

-
s
-
-
-

|
b
L

"IC£. also Figure 46.




Py P ,Tw

od of the wall at ths’point

» Ny

Caver Py

[ Figure 76a.
i [a Plane Heated Plate of 50 x 50

Shadow Exposure of

be the same magnitudes for the gas in the

immediate
1R
in' question. l

itle
AL NI Ly
g Twa i
SR T R
. .
4] '
s

qe T

Figure 76b. Shadow Image of a Heated
Square Pipe of 25 x 25 mm? Cross-
.Section With a Diaphragm at 52°C and
“83%.““Air Temperature 23.7°C.

Equations (47) and (47a) are to
! be used for this case, and therefore

25 2 the vajlue experimentally determined
cm= Surface and 1 cm Thickness at .
CTTU:135’C"1WTth60f‘DT%pﬁréghﬂ. o —fer thb‘yiti£1t¥"°£"the‘wa44*“ T
tAlr Temperature About 25°C. %
! ST L
30 - (65)"— g »
- an\ _n Jda (77)
— ax)'-—-":'—?—.
—First of all the disruptive effect of the ends was not considered. Only the
35 [temperature gradient §T/6x in the immediate vicinity of the wall is desired.
-We used equations (59) and (60) to co ute from 3n/dx to 9T/ax:
i —1 1.
r e
Poho ¢, ° (78)
; !
| F For air ng = 1.000282 (at A = 0.589 u, T0 = 273 abs., Py = 760 mm Hg)
¥ F
' he T .
S n=1+0t—1) o (79)
| p/po can be replaced by Top/TpO by using gas equation (61):
50 r— NASH
L. L]
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- Differentiated for x:

3 on (ro—NTepo 1 8T

- L e (81)
- For air:

= - ] -

_ (ng - 1T, = 0.000292-273 = 0.080.

: Therefore with (77) Cover Pagde Source

B T\ = " Ty, po e da

- . (?x f_ (o — 1) To 'p; I, g ° (82)

nm—san be_p951ted_35~pract;ca1ly—equaiatownb ,(I@‘tﬁe-proeess takes—place—be—
-tween plane-parallel walls, n, would bL exactl} equal to ng, SO that the edge

condltlons must also be considered in pther caées )

: If we insert the numerical valuep for air, we get

-

B aTy _ g, 760mm Hg Aa

- (Frh=—12s T2 B2 RE 8 (83)

-Using this equation and a schlieren exposure made by the pure shadow method,
the temperature gradient can be computkd simply for every point of the surface|

— If a represents the heat exchange index and A the heat conductivity
-index of air at temperature Tw’ the following equation can be considered a

“definition from which the heat exchange index can be computed
' ; oT
Vo (T, — T =—4(57),- (84)

- ]

L However, determination of theNﬁgFal temperature field by the direct

“shadow method is not immediately possiple. Such a determination was first

(84 C ] —_

Even Roman 0dd




[ T

E“carried out by using an interference réfractor (Kennard, 1932; Schardin

31933). But the schlieren methpdg,adspéailou measurement of the total temper-

ature field (Schardin 1934). |
G

i
.
¢

|

1
In measuring with thermoceupies.gher length of the heating pipes| can be
"so extensiyve and their surface temperatures made so uniform by intensfively
Theating the ends, that the flow proces§ can be assumed as completely even in-

rside the pipe. In this way the measurgments are exactly valid for infinitely
; | "long pipes.

L
b= However, when optical methods ar¢ used, the pipe must be penetrated in
[ its longitudinal direction, i.e., in the first place, pipes which are too long
?cannot be used and in the second placeinot only the inside of the pipe, but
| also the flow process at the ends enteys the evaluation. In his thesis, Joh.
"Gaebler tried to eliminate this edge defect by taking measurements on two

e

. pipes where all data were maintained equal except for pipe length.

<,

=
—
o
—
1

I

T

_Figure 77. Exposures of a Heated Pipe|/W:th th¢ Lattice Diaphragm Method.
Left,Vertical Diaphragm; Right, Horizowtal Diaphragm.

- Naturally, this method by differgentiation requires precise values and
-consideration of all defects present.
- Figure 77 shows four evaluation pxposures made with the lattice dia-
-phragm method. The lattice was perpenflicular for the first two and horizontal
for the last two. At one time the und flected image of the light source was
-in the middle of a slit and the second| time it was between two slits. The
“heating pipe was 30 cm long, had a diameter of 4 cm and was heated to a temp-
+erature of 140°C. Figure 78 shows the' evaluation of this exposure.

= Every technical problem of heat Eoss from a solid body to a fluid or a

~gas has a hydrodynamic side. Even if it is impossible to make a quantitative
~evaluation of the total temperature fipld with schlieren methods in the most
~general cases, it is usually possible--at least in models--to create an image
~of flow phenomena. If it is desired tp make the relationships in the model
~exactly fit those of the main process,| it is necessary to adhere to Grashof's
~index:
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"Figure 78. Temperature Field

Here: 7 is a characteristic
length, o is the density, B8 is the co-
efficient of volume expansion, Tw is a

characteristic wall temperature, T is

the room temperature, g is the acceler-
ation due to gravity, and n is the
absolute viscosity.

Pipe Tempera-
ture 140°C

!
i Especially for gases

Cover Pade S<_;ur‘cric Bod (T — Too)g
r= T (86)

Taken From the Exposures in

_Figure 77. | It is inconvenient for the char-
— racteristic length to be concerned with
—the third power. This means that if the dimensiong pre cut in half, the temp-

erature difference T - T_must be raised to elght ‘times the value. Under

pensatxon can be made in a closed con
[ the density).

ainer by raising the pressure (i.e.,

some circumstances thls may lead to erh1b1t1v¢ temperatures. A reliable com-

l'—l-'lgures 79a and b. S5imultaneous ShadoL Exposures of a Horizontal Heating Pipe
fat the Lower Stagnation Point (a) and lat an Azimuth of 120° (b). Flow at the
Lower Stagnation Point is Laminar, and the Focus Line of the Rays Near the
"Wall is Very Sharp. Flow in Figure 79b is Turbulent and the Focus Line is No
k—Longer Recognizable. Wall Temperaturel 102°C, Room Temperature 18°C; Gr =

r- 10.2-108, NAS

—

I
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— Figures 79a and b! may serve as xamples for the importance of deter-
~mining the kind of flow with the hel . the schlieren method. These show
Lwhether the flow is laminar or %%Tﬁdgé t' and a decision can then be made
thether tq use laminar or turbulent hejt exchange computations. R. Tmann
+-has ascertlained the contribution of fu bulence with schlieren exposures on a
+perpendicular plate and a horizontal cflinder. Naturally this occurs| at dif-
—ferent Grashof's numbers, viz. at Gr =11.0+10° at the plate and Gr = 3.5-108
—on the cylinder, but with an equal Reynolds number of boundary layer flow,
~viz. Re =~ 300.

— : 25. Application of the Schlieren
- Method in Ballistics

A very important field of ap-
plication for schlieren methods is
ballistics. Very early, mainly by
E. Mach in 1887, the first schlieren
_ exposures of flying bullets were

Paqe Smades In this way he demonstrated
that a bullet flying faster than
sound is accompanied by a head and
tail wave (Figures 80 and 81).
Later, numerous schlieren exposures
of ballistic phenomena were made by
C. Cran uggpst of these were pub-

1 lished in"
ballistics.

‘Schlieren exposures are chiefly
used in ballistics to investigate
the following phenomena:

LE . gy
E‘c G At ot N S PR P 0 "":'1\-"*1\&;‘

_Figure 80. Schlieren Exposure of
_an unknown Bullet Flying at

785 m/sec. Horizontal Schlieren
| Diaphragm.

1. Flow phenomena in the en-
vironment of the flying bullet,

2. Phenomena at the nozzle of
o a weapon,

poe

3. The detonation of a bullet.

T

The chie® matter here is investigation of the shape and propagation of

-shock waves. Here, there are finite pjressure jumps at the leading edge of the:

rshock wave so that rather large light deflections exist at the edge of the
~wave and very useful exposures can be made with the direct shadow method.
—Figure 80 shows the Toepler exposure a Geschoss bullet flying with a muz-
~zle velocity of 785 m/sec. Notice first its head wave which begins almost
~exactly at the tip of the bullet. At the beginning it is slightly curved.
~However, with increasing propagation its inclination approaches the Mach

MAS

is well-known textbook of

/391

!

|
/392

i

}}Cf. R. Hermann: VDI-Forschgs. No. 379, p. 21.

—
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—relationship |

L

B sin o W& tfmd*.’,iﬁpeed of Sound) .

B v (v, Bullet Velocity). I (87)
B Cover Page Titie

-

| Figure 81. Two Geschoss Bullets
 Flying at the Same Time. Vertical
| Schlieren Diaphragm.

-

Thus, exceeding the value of the
“flow process.

ance phenomenon.

"the so-called"Mach number''. In analogy
E;istance of a bullet to be

 speed of sound there may be areas wherp
' and in which compression shocks can thgrefore occur (cf. Figure 83).

e —

The tail wave is curved lin the
opposite direction, but its angle of
inclination toward the direction of
flight approaches the Mach angle.
This provides a possibility of deter-
mining bullet speed directly from
the schlieren exposure. If the mean
value obtained from the head and tail
wave at the same distance from the
line of symmetry is taken for the
bullet velocity, it comes to an ac-
curacy within 1% according to Cranz.

: Smuf%ﬁe exposures in Figures 82, 83
and 84 show hullets moving at con-
stantly decreasing speeds, while
Figure 85 shows the movement of
severa] explosive particles which fly
at 1,900 m/sec. A well-traimed eye

<an i Ely—;eadmthe—appfeximatemu
flight 'velocity from tiie schlierca
image.; Table 9 below (see p. 90) pro-!
vides the relationship between half
head wave angle o and bullet velocity

v in indices to be computed trom the |

Mach relationship (87) at a spsed cf
sound of a = 340 m/sec. Below the
speed of sound there is nc more head
wave, Still, in the flow field
around a bullet flying below the
supersonic velocity is still present

speed of sound with the speed of the

"bullet is of considerable importance for the particular type of complete
The 'efore this transitipn is also very noticeable in the resist4
i The coefficients of [resistance for a cylindrical bullet, the
old S-bullet and the so-called Krupp standard bullet are plotted in Figure 86 |
as a function of the ratio between bulllet velocity and speed of sound, i.e.,

with aercdynamics we posit the air re-

|

i
1
|

- e
_ W=c-2-.F,
B . ! (88)
. ! S
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. where: c, is the coefficient of resistance (adimensional); p is the density;

-

L v is the bullet velocity and F,'the 'ér¢s5-Sectional area of the bull
r-—(‘ '"R )

C Page T
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Figure: 83. An S-Bullet Moving Almost
Exactly at the Speed of Sound. Head
- j_and Tall Wavks Have Separated From_the|
Bullet, The Base of the Bullet is

Still Accompanied by Two Compression

| Figure 82. A S-Bullet Flying at Waves of Finite Extent.
L 375 m/sec.

E In passing through the velocity

. of sound, a considerable rise in re-

[sistazce therefore occurs. Although it has been known since Mach's schlieren
| exposures (1887), that the speed of sotnd is responsible for this, the pheno-
"menon did not enter computations of external ballistics until after the World
War. Up until that time, the coefficipnt of resistance was considered only as
"a function of the veloc1ty and not, asi it must be, as a function of the ratio
of bullet velocity to the speed of sogtd. Sufficient attention to the schlier-
“en exposures would thus have considerably improved precision firing during the
Wor‘d War in many cases! Still another very important consequence for troops '
"is to be deduced from the schlieren exposures of a bullet flying at superson1c|
_speeds.

b
P
- e

The head and tail waves accompanying the bullet are detonation waves.
“When they hit the ear of an observer the latter perceives a detonation. There!
rfore, when a round is fired off, the following three detonations must be dis-
t1ngu1shed 1, the muzzle detonation jof the weapon, 2, the bullet detonatiomn,
and 3, the detonat1on report. NAS

L]




: Figure 84. S-Bullet Flying
Below the Speed of Sound.

Figure ¢5. Explosive Particles
Flying at 1,900 m/sec.

Only when the cone of the head
wave be1ng propagated with the bullet
“Be“perceived spatially, can one
understand that the direction from
which the bullet intonation seems to

_come is essentially different from the;
detonation report. Now, if the bullet!

direction of the muzzle detonation or
detonation is confused with the muzzle

)

“detonation, grave errors in judgement fan occu# under certain conditions.

TABL_L 9.

)

r-
|
|
|
|

v (m/s) a(®)

v (m/s)

v (mm/s)

o
3901
1958
1344
994,1

25
30
35
40
45

804,5
§80,0
92,8
328,9
480,8

*Tr. Note: Commas in Table

The head and tail waves of a bulh
rang the elementary waves caused by the
~that the bullet represents a point, a
-as in Figure 87, and the validity of t

+perceived from the drawing.

i

[ The fact that this explanation c
rF1gure 88 which represents a round goi
parts of the head and tail wave prot

elemcritary waves., Notice that thas
—or tail waves.
_

443,8
415,1
392,6
3751
361,8 -

indicate decimal points.

et ca: be explained as envelopes enclos-
flying bullet in the air. If we assume
eries of these elementary waves exist,
e Mach ratio a = a/v is immediately

rresponds to reality is demonstrated by
g through a pipe with slits in it. The
ing through the slits can be considered
envelopes sgain produce either head

W
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Figure 87. The Appearance of a

Head Wave as an Envelope for the

SElgg_r!gntary Waves Beginning at the
BU19t. Validity of the Mach
Pelationship.

1

¥
'

—

Figure 86. Coefficient of Resistancs
rof Flying Bullets as a Function of Now, since every bullet has
~the Mach Number. Ogive-Bullet With firite dimensions, a flow about the
+Two Cal. Contour Radii: body loccury; the passage of this |
- o ' "7 flow-7s of considerable importance
p—— Krupp, =+-+- Siaccl, in reyard te the forces acting on
- Vallier, -++- Mayewsk!- the bullet during fllght.‘ F1rs? of
"Sabudski, S-Bullet: ==--- According all, these forces cause air resist- |
3 ! j ance and s2condly, if the bullet is
flying somewhat obliquelv, a moment
acting on it in connection with the
- gyroscopic effect contributez to the
~oscillation of the bullet. Thus, if ope wishes to obtain an exact picture of
—the flight characteristics of a bullet| he must investigate the flow processes.
~From the point-of-view 0.7 gas dynamics) the head wave of a bullet is an oblique
compression shock (see §2G). At constant velocity and up to a certain angular
l-aperture of the tip of the bullet, thiF compression wave begins right at the
-bullet and beyond this angle begins ahgad of the bullet at a pevrpendicular
~tangent. In this way the pressure .cting on the tip of the bullet also in-
-creases. It is greatest on a bullet '7i:h thc tip removed at right angles.
~Around the tip of the ogive bullet is an expansion of the air compicssed by
+the compression shcck. This expansior >henomenon can be followed more cicsely
Fby observing the Macii lines formed by &he small irregularities at the surface.'
}These can best be made visible with the pure shadow method, rather than with
~the Toepler metiaod; for the shadow method provides only the ~hanges in light |
~deflection, whiic in the Toepler method the brightness is directly proportionai
~to the absolute vilue of light deflection. Therefnre the Mach lines can be !
~projected much more ciearly by the shslow method in connection with a photo-
—graphic process siljusted for contrast KFigure o

B E
i
1
!

. to Cranz-Becker. Cylindrical Bullet:
{—+— According to Krupp.
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Fanure 88. A Round Passing Through a Plpe lines arise at the grooves, |
wlth Slits In It.

oae

REPRODUCIBILITY OF THE ORIG

GINAL PAGE IS POOR.

Figure 89. Shadow Exposure
of a Flying S-Bullet.

‘ We have an approximate
parallel flow along the cylin-

¢ |
{
41
4
|
i

i

i

. the base of the bullet. In the tail
‘wave, also a compression wave, another
itransfer to parallel flow occurs. This
j does not begin immediately at the base |

| the wake of the flow behind the bullet.
: Sometimes the opinion is expressed that

drical part of the bullet.
Particularly well marked Mach

which are used to hold the
shell and (with full bullets)
at ‘the rotating bands. Another
expansion takes place around |

of the bullet, but is only formed in

the tail wave is a rarefaction wave. |
However, this is not the case. Evidence /398
against this can be provided by the
course of blackening in a Toepler
schlieren exposure because it changes

i analogously with the head wave.

Figure 90. A Flying Geschoss
Bullet Has Just Overtaken the |
Muzzle Detonation Wave. The
Cone of the Head Wave is Super-.
imposed on the Muzzle Detonat ion
Wave. The Path of Turbulence
is Also iInside thes Muzzle
Detonation Wave.
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L The space behind the bullet is fj
; the jacket surface of the bulléty. Thi
51pat10n qf kinetic energy. As a resu
behlnﬂ theg bullet can be perceived for
~ ~in density] in the path retain Gas.:re8
“tinction tjo the change in density in t
| F1gure 90 it is still possible to foll

;_muzzle detonation wave has passed by 13
' and tail wave,

For within the muzzle
| supersonic speed everywhere in relation
__of the head wave is therefore always s
'waye, while the path of turbulence beg
Lv1c1n1ty of the bullet when the bullet

-
:
r~

~Figure 91. Before the Bullet Leaves
—the Barrel, the Air in the Barrel
HMust be Forced Out. As a Result of
~this a Spherical Detonation Wave and
~Flow Phenomena are Formed in Front

~of the Muzzle. (Shadow Exposure). i
- |

"after a certain flight distance (FigﬁfF

"air-is turbulent and heated by dis-
t of this the "path of turbulepce"
a great distance. The visible| changes
tive!particles of air, in contradis-
e head and tail wave. Therefore in
the path of turbulence aiter the
but one cannot do so with the head
etonation wave the bullet does not have
to the surrounding medium. The cone
perimposed on the muzzle detonation
ns with the air particles found in the
overtook the muzzle detonation wave.

lled with air flowing directly along ;
|
|

Let us consider the processes
of firing a bullet in more detail by
using some schlieren exposures. In
. the forward movement of the bullet in
the' %arrel, it must force the air in
the barrel out. The leading edge of
this moving air is a straight com-
pression shock. As it leaves the
muzzle, it expands into a spherical
detonatlon wave (Figure 91). Air
vSEreamlng behlnd—ie-causes—%low—phene
omenaivery similar to those of stat-
ionary flow from a cylindrical
nozzlé. After the bulliet itself has
left the muzzle, comes the expansion l
of the highly compressed powder gases.
This produces the muzzle detonation
wave which, because of its high
pressure, has a greater velocity
than that of the first wave caused
by the expelled air; therefore the
second wave catches up with the first
At first the velocity of the muzzle
wave is also greater than that of the
bullet. Still, due to spatial propa-
gation, its intensity, and with it its
velocity, must drop sharply. As dis-
tance from the muzzle increases, it
approaches the normal speed of sound.
With a great deal of accuracy the
velocity of the bullet can be pre- E
sumed constant in the vicinity of the|
muzzle. Therefore the bullet will
overtake the muzzle detonation wave
90).

s —
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After the bullet has left:
the barrel, the combustion
gases flow out of the muzzle.
For this reason approximately
the same relationships| are
seen in front of the mphzzle as
in front of a cylindrikcal noz-
zle through which a gas escapes
from a pressure container. The
only difference is that here
the volume of the container
(the inside of the barrel) is
so small in comparison with the
size of the effluent opening
(muzzle cross-section), that
the inside pressure changes
very rapidly. Figure 92 repre-

by o, . sents the flow in front of a
r;;g:;: z%;erF:g: é:lfggn;a:fL:@gjég:Pale Sourcerifle muzzle after the bullet

"Barrel. (Shadow Exposure). i has flown approximately 1 m.
- In principle we can recognize
b the same compression shocks
-already present before the exit of theibullet in Figure 91.

: i

o

L Even in the detonation or penetrgtion of;a Qulﬂet into the target, there
~-are many probleis where schlieren methpds can Be used advantageously.

e : ! i

- Investigating the detonation of explosive belongs alone in the prob-
l-lem area of ''terminal ballistics". This will be covered in more detail in
-§28. '

- When bullets penetrate translucept solid or fluid media, waves are gen-
~erated which precede the bullet; this fis because in this case the bullet velo-
city is almost always less than the spged of sound of the medium concerned.
—-Besides this, when water and other flujids are penetrated, the bullet forms a
+hollow space which practically excludep the light (Figure 93).

o In investigation of bombarded arpmor plates by flash moving picture de-
-vices, H. Schardin and W. Struth found supersonic waves on both sides of the
+plate under certain conditions!; theseiwaves arose in a spherical wave
foriginating in the iron at the point where the bullet hit. This is reflected
~back and forth on both boundary surfacrs of the plate and partially dissipates
+its energy into the air. '

-
|

Many valuable conclusions can beidrawn from exposures of this type.
l
|

- NASE
-12. Techn. Phyeik, Vol. 18, p. 447, 1957.
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i26. Appllcatlons in Flow Research
t

5 "It is not possible to make flow
phenomena directly visible at {low velo-
. ic1t1e§ (up to about 100 m/sec in air) | /401
o by using schlieren methods, sihce the
{changes in density present are! not suf-
ficient to cause an appreciable deflec-
tion of light (cf. p.375). In these
cases smoke wind tunnels can be used
yadvantageously and visualization of the
flow lines are produced by smoke, oil
vapor or, in the case of fluids, with
dye solutions. Here it is important
for the medium applied to follow the
motions of the undisturbed flow flaw-
lessly. This would be the case if it
o had the same density and viscosity as
Ao e Cover ?ai&h&nﬁhﬂging medium. When solid parti-
Sy 1cles are mixed, especially with gases,
{this condition is not always suffici-
‘ently heeded. One might think of mix-
ing a second gas to a gas or a second
i fluid to a fluid, and of selecting
-this second mpdium so that it is of
1exactly the same density and kine- |
maticaliviscosity, but has a different
refractive index than the flowing
jmedium. In this case the flow lines '
. could be made visible with the schlier-
en method with no possible disturbance
of the flow process. Acetylene has
been recommended for this purpose for
flow processes in air. However, ether,
carbon dioxide and heated air are also
used in practice in many cases. Of
particular advantage is the use of two
gases when it is a matter of investigat-
ing how gas currents representing

3
7]
1

P

t
.
'\
‘

g

} : ) - different states of rest affect each
LFigure 93. A Series of Exposures of other. Among others F. Krueger and
kShootIng Into a Container of Water. | H. Casper [111] have investigated 5
fThe Light Deflection of the Hollow the turbulence of intersecting waves
I ~Space Caused by the Bullet is So by having carbon dioxide stream
- rLarge That It Appears Completely Black. through a slit against a wedge
~The Sound Wave Ahead of the Bullet Can (see p.407).

hﬂe Seen in the First Images, and It Is i
~Also Possible to See the Interference If the flow lines are to be
50 -Waves Caused by the Base of the Buliaty mude visible in a uniform current,

L L] 95
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~-individual threads of the medium with ¢hanged refractive index must be allow-
—ed to flow in, just as with a smoke wind tunnel. L. Mach had already built al
-wind tunnel of this type in 189% [lS] " He worked with air which had been ir-
-regularly heated by a burner. H. Schardin and J. Pohl constructed a wind

—tunnel in which the air was heated hy hln electrical heating wires a

—standard distance directly in front oflthe oBJect to be investigated.| Figure
94 represents an exposure made with this tunnel. The stream lines helre are in
—a downward current of 1’5 m/sec. An ajr compressor suctioned air from the ain
—current (drawing rate 300 Z/min). One|can see how the flow lines run into thd
—~suction pump.

T

| If the flow lines are made visible
i# a way similar to a smoke wind tunnel,
aislight alteration in H. C. H. Townend's
process also allows measurement of the
chrrent velocity. To slightly heat a
thread of the current, H. C. H. Townend
did not use an electrically heated wire,
CTover Pbhgt aospaxk jumping between platinum
electrodes. When a spark jumps, a warm
air schlieren is produced and determines
a-deflnlte point inside the flowing med-
ium, If the sparks keep jumping for '
some time, the electrodes become warm so
that @.thread of warm air is drawn|
: between them at the same time.
- Z If the stream is projected with a
—Figure 94. Visualization of Flow Line$ schlieren apparatus in which the
~of Air By Using Electrical Heating direction of the edge of the
+Wires (H. Schardin and J. Pohl), A schlieren diaphragm coincides with
-Compressed Air Injector-Sucked Air that of the flow of the thread,
-From a Wind Tunnel in Which a Downward the schlieren image gets flow
- Flow of 1.5 m/sec Reigned. threads which contain enlarged
- spots (knots); if the position of
= the schlieren diaphragm is turned
90°, only the positions of the flashovers
be seen (cf. Figures 95 and 96). Now
if the sparks jump at a constant time
ipterval, the flow velocity can be deter-
mined for stationary currents frocm the
interval between the knots with a
single exposure. Similarly, if a

T

et

i
|
1
H
|
|

: 0

"Figure 95. Visualization of Flow
Lines of Air Using Electrical Sparks

"(Townend) Which Flash Periodically.
r_Schlleren Diaphragm Parallel to the |
Flow Lines. }
|

—

-ference in the frequency of the sparkslprov1deq an arbitrarily delayed repro-
~ ~duction of the flow passage.

Nﬂsﬁ
]

-
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spark is chosen as a light source and
is controlled synchronously with the
sparks in the current, a stationary
image of the current is found on the
ground-glass plate, and a slight dif-
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Figure 96J As in Figure 95.
i Schlieren Diaphragm Perpendi-
"cular to the Lines of Flow.

Cow

iat -
_Figure 97. Stream of Air Flowing ‘riate uhder certain conditions at sub

LThte a Quiet “Atmosphere. ~Visuali-
~zation of Air Flow Lines Accordin

_to Townend. Frequency of Exposure differemt with supersonic velocities.

Lwas Equal to the Frequency With
Which the Rings of Turbulence
~-Separate at the Ray Boundaries,
and Therefore the Set of Images
~Provides an Apparently Static
-Process (cf. Also Figure 91).

furnish a free jet without distor
computed and then tested by provi
orlg1nate and which have an envel
let (cf. p.392). In this case th

where a is the speed of sound, an
po1nt.

Ja T“T TTTT

[

.. Tégidn, the knots would not be seen under

Covy e

IIf the flow process is turbulent in ong

stationary observation. Therefore fthis pro-
cess |is very appropriate for investfigating
thecgransition from laminar to turbulent
flow

Nonstationary processes can be investi-|
gated in the same way if the exposures are
taken with a slow motion camera and a suf-
ficiéntly high frame rate (Figure 97).
Otheywise the following more simple proced-
ure js possible: the schlieren arrangement
is s¢t for a dark field, i.e., only the
knotg appear bright against a dark back-
ground. Then the sequential positions for
the knots occurring at a definite point in

1@e can be fixed on a single plate. Only
L'ont, uitab1e® sequence of illumination sparks
needibe chosen,

] If as we have seen, the use of
ithe schlleren methods is very approp-

_ f-SOhlc velatitﬁesr—LL4s still-not— |
g usually lused here. The situation is

yHere theé schlieren methods represent
the main means of investigation. The
construction of a supersonic nozzle--
the most essential part of a supersonic
tunnel--cannot even be accomplished
without continuous checking in a
schlieren image. For one requirement
of a good supersonic channel is that it

tion.| The nozzles intended for use are first
ding the walls with grooves where disturbance
ope cprrespronding to the head wave of a bul-
ey are designated '"Mach lines". Their in-

c11nat10n to the direction of flow is the '"Mach angle". In accord with
equatlon (87), the following formula is valid

sin o =

<|o

dv 1E the flow velocity at the pertinent
NASH

L _
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a can be considered
as an equation of state,
just as are pressure,
temperature, densijty and
flow velocity. Aghainst
the wall a can be taken
directly from the chllereq
exposure, since the flow
direction is known there
(assuming that no separa-

; tion of flow occurs). In-
side the current o can be

 determined for all points at which twolMach lines, originating on opposite
r_'s1des, cross. Their intersecting angli is equal to 2a. Therefore two inter-

— I

- Figure 98. Effiuence of Air at Supersgnic
. -Speed from a Tapered Jet. Mach Lines Begin
—Behind the Narrowest Cross-Section.

sect1ng Mach lines furnish the direction of flow (cf. Figure 98).
i In investigating flow around a ptrofile at supersonic speed, schlieren
' methods are particularly suitable be se. finite differences in density occur
~in the flow and the change in dénsity’'{s ﬁ%iH%rlly responsible for the light
'deflection in the schlieren apparatus.| Compression shocks are also involved
1n supersonic flow. Here the density jumps practically discontinuously to a
“somewhat higher value so that the dens ty gradient assumes unusually high
_values at the leading edge of the shock Slnce according to equation (41) the
> | light deflection depends on n-degree apd n in urn 1s related to p according
;to—{SQ)T—thq—shockmfxonts~can be made- obv* n-if the absolute alter-|
| ation in density is only very slight.
~ In &iscussing the schlieren image
f a supersonic flow, the orientation
f the schlieren diaphragm must also be
onsidered and attention paid to the
act that the direction and magnitude of
he light deflection depends on the
ntire course of the n-degree along the
ight ray, as well as on the exterior
hape limiting the process. It is
eldom as simple as is sometimes read ir
as dynamic treatises, e.g., that dark-
ning of the schlieren image represents
"Figure 99. Plane Supersonic Flow an area of pressure and brightening an
Around a Strut. The Oblique Com- area of rarefaction.
“pression Shocks Before and Behind
_Correspond.to the Head and Tail With proper discussion, such as
:Waves of a Flying Bullet. results from the data introduced into
Part II of this paper, a great deal can
be derived from the schlieren image of
"a supersonic flow. In some cases under certain conditions a quantitative
 evaluation is also possible. NAS
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E Several practlcal examples are sqown in Flgures 98 100
—

T~ For the supersonic nozzle W1th a rectangular cross-section, shown in

g eF1gure 98, a pressure chamber is to be | assumed on the left with gas fllowing

20

30

35

o
40

b

\Sp
S

>~from it through the nozzle. Ip ?racg1 e th;e pressure chamber is generally
~just the firee atmosphere; then a flow oes into a vacuum chamber. It|is very
~visible in| Figure 98 that at first supgrsonic flow is only present beyond the
f«narrowest cross-section, since it is h?re that the Mach lines first begin.
i~Their angle of inclination is large at first and then becomes smaller, i.e.,
i-the flow velocity increases with the 1ncrease in nozzle cross-section--a
situation which can only occur with supersonic speed. It can also be perceiv-
~ed in Figure 98 that the upper and lower boundaries of the nozzle end are only
—effective within the Mach angle. Depending on the pressure behind the nozzle,
rthere is an expansion around the ends ¢f the nozzle or an oblique compression
-shock proceeds from them; if the countér pressure is too high, a straight
~compression shock enters the nozzle.
-
- Expansion proceeds ad1abat1ca11y;and has been computed exactly by Th.
»Meyer [37] for the plane case.Cover Pg*u Source

— The oblique compression shock cap be presented as a normal straight one
Llf it is considered as coming from a system moving parallel to the front of
~the compression wave. !

L 1
{

- Th. Meyer has computed the event at a Laval .npzzle by using expansion

-flow and oblique compression shock.  The corre¢tness of his observations has
L--been proved by Magin [36] with schlieren exposmres.

- Figure 99 shows the flow around b plane proflle. If the mount were not
~visible, it might be believed that a fllying bullet were involved. The oblique
~compression shocks of the head and taill waves are present. Along the profile
-numerous Mach lines can be seen; they diverge from one another, i.e., the
~entire flow between the head and tail wave is an expansion flow.

A compression flow is shown
in Figure 100. The upper part of
the plane profile is concave. The
result of this is a convergzsnce of
the Mach lines. Intersection of

T

sible; for this would mean that

point at the same time. It can be
perceived from Figure 100 that
nature solves this difficulty with

the appearance of a new compression
shock.

YT T

%F‘gure IOO. Schlieren Exposure of a
Compression Flow. Formation of a C

' pression Shock Where Mach Lines Meet.
|

T
[¥al]
g3

In this way plane supersonic

them, however, is physically impos-'

multiple pressure is present at one!

flow can be understood quite well

L L] 99
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‘+Benard in 1908 and were later treated

s F. Krueger sets the frequency of| the dissolution of this turbulence as

— _ e e B
--and also computed quantitatively for the most part; spatial problems present
l-considerably greater difficultjes. ﬁItWis rue that here graphic methods are
\partially successful, but the cotrettndss of the figuring must usually be
~proved by direct schlieren exposures.
.-27. Origip and Propagation ofCQEQESPd%O bt
o i
— Although wave propagation procesges in fluids and gases are not dis-
~tinguishable in principle from hydrodynamic processes--the whole area of
—acoustics is included in the basic hydrodynamic equations--, presentation of
—~the problems is essentially different., Particularly, nonstationary processes
L-are considered in the origin and propa&ation of waves, while hydrodynamics is
~usually concerned with stationary phen¢mena.
-
e One problem which has bezn treated in a number of works (F. H. Tufts,
}1902; R. Wachsmuth, 1904; F. Xrueger and H. Casper, 1936) and for which
rschlieren methods have been successfully used is the generation of the
LAeolian mode, the slit tone and the strident tone. This generation can be
attributed to the formation ofcgusbudegcesbehimd a bar or flowing through a
tslit. The regularities of a turbulent path were first investigated in a pure-
L ly experimental manner (also in princiﬁle with a schlieren method) by H.

{

heoretically by Th. v. Karman (1912).

-

_equalling the frequency of the sound resulting|fr m:it. Then a dependency of

[the sound pitch on the fl:./ velocity and the width of the slit must be proved
in accordance with the laws of the turbulent path.

T

- And therefore it must be 1.

ND
—Tfj==const. (89)

iﬁhere N is the pitch, D the diameter of the bar (with Aeolian tones) or the
| width of the slit (with slit tones) aphd U the flow velocity of the air.

: 2. The constant must agree numerically with the values produced in a
_purely hydrodynamic fashion.

p—

In the case of strident sounds, the pitch is influenced by the distance
"f of the touth from the slit in such a way that the pitch drops to a definite
"value as distance increases and then suddenly rises about an octave, only to
'drop again. This phenomenon can also pe explained by theory of turbulence if
Ma reciprocal connection of the turbuleht distance with the tooth interval is
Cassumed. At the smallest tooth intervial, this corresponds to the distance be-
[tween two eddies; after the first j in frequency, which at f is approxi-
mately equal to double the amount of the turbulent interval in free flow, the
"turbulent interval becomes equal to f the tooth interval; Accordingly a‘’ter

/406

[ﬁhe next jump in frequency, three i lent intervals correspond to one to»th
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L-the flow of air from a pipe visible.’
~0xide flow through the slit; here the

tfisible. esolution in time w?s mad
Qver

-
l tooth. In Figure 102 the turbulent in
| val and is equal to a third the tooth

~method was used in a shape where the i
-forated diaphragm, 4 mm diameter) was

r-schlieren diaphragm. Therefore in Fig
-each direction are perceived as bright
L. deflection occurs in the middle of the
it looks as if the beam were split. T
i_clusions.
._course of the ray,
Lxhe background.

Lstationary, straight line path of the

Lexposure of light deflection in two di
I

~turbulent dissolution. In similar casi

-
= e
.
[

1

T 1T 717

Figure 101. Generation of a Strident
~Sound. Visualization of Flow With
the Use of Carbon Dioxide. Formation
"of Turbulence on the Left Side of the
“Tooth,

p—

;haking sound waves of normal frequency

The fact that this theory is in gccord with the facts can now be proved
j-with the help of the schlieren method. | Wachsmuth used ether vapor to make |
. Krueger and H. Casper let carbon di-
issolution of turbulence was pPainly
}tng}flow motion camera.

Figqre 10) shows the formation of turbulence on the left side oL the
erval is equal to half the tooth inter-
nterval in Figure 103.
age of a circular light source L (per-
ompletely stopped down by a round

res 101-103 the light deviations in
ning on a dark background.
beam, a black streak appesrs here and
is should not lead to any false con-

By narrowing the aperture with a straight edge parallel to the

one side would become brighter and the other darker than
Since in the previouscase it was a matter of proving dis-
jsolution of turbulence, the use,0f aps§raightcschlieren diaphragnm, perpendicu-
clar to the direction of the ray would also be very appropriate; for then the

, ay would not be visible at all, but
rrather only the deviations from its path, i.e., the lateral fluctuations and

s the author has taken a simultaneous
ections perpendicular to one another!.

and sound intensity visible.

/407

The Toepler

Since no

H N i
o)

Figure 102, As in Figure 101.
Turbulent Interval Equal to Half
the Tocth Interval.

The sensitivity of schlieren
methods is generally not capable of
The 1light

/408
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- VDI-Forsch., No. 367, p. 22.
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~deflection caused by » cound field, however, increases proportionally to

[ oL .

;hyz-A {v = frequency, A is the amgdi&udé'ot,;he physical movement in the sound

[ ]
;‘~wave)1, sjethat it should be possible o make them visible at a suffikiently

rhigh frequency and svfficient €m§};tgd_: ~However, the maximum amplitjide which
i-can be reached in practice is not indéjendent of the frequency, but iE
i-assumed thlat A is proportional to I/v.i In this way the light deflect
~—increase with the frequency v, i

! For example, for v = 20,000 Hz and

A =5 u in air (practically attainable) at
a p?netrated layer density of 5 cm

(
|
|

and'can therefore be made visible {cf. with
“vg§$?s,9fr3§ble 2).

may be
on would

e = 1073

! In any case it is noted that ultra-
sonic waves can be made visible without any
difficulty, as was achieved in 1930 by
L-Turbulent Interval Equal to E. T'.T?Vllfl70]' To make sound waves in
-0One Third the Tocth interval. ?1r5v151b1e;R.lPRhlman uses the Boas co-
= TR .. dnrjidence méthod c€._p317) e

+-Figure 103. As in Figure 101.

—

!

It is even easier to make detonation waves visible. Their fron: consists
of a compression shock (cf. p.404), The light deflection caused in it is so
large that no sensitive schlieren methpd is necessary and even the snadow

' method alone produces very useful exposures (Figure i04). If it is a matter
:of following the prcpagation of sound kaves, it is therefore appropriate to

. experiment with detonation waves.
H {

i « !
t Making an exposure of a sound figid is of practical importance for room
| and building acoustics. In the model pf a room an electrical spark gap is set
up to produce detonation waves at thaaﬁocation of sound sources (speakers'

:platforms, orchestras, etc.); these waves are reflected from the individual

_objects and walls of the room. The appearance of the reflected waves can be
__registered at any artibrary point in Eﬁme and conclusions about audibility can
 be drawn from them for the various positions in the room. Investigations of

' this type hav: been carried out by Sahine and F. M. Osswald [116].

" Two expcsures taken by Osswald dwith the shadow method) are shown in
iFigures 105 and 106. Figure 105 shows the effect of a fold in a wall on sound
| propagation in a room. Here there is lan intense intermixture of the sound
“waves behind the primary wave front. JFigure 106 represents a study profile

“for channeling. Its purpose is to obtjain good sound distribution.
= ) |

- VDI-Forsch., Ne. 367, p. 28. r
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Figure 165. Effect of Folding the
Wall of a Chamter on Sound Propa-
gation.

lFigure 104. Spark Detonation Waves

_in Air. Schlieren Diaphragn (Toeple N

tﬁ?rangemenf)‘HoFT"éﬁfél f
i
l

- New findings in the 1nvest1gat10t
~of detonation wave propagation can also
"be obtained physically by using
schlleren methods. One might think
“that the propagation of waves has Figure 106. Study Profile for
'been so thoroughly explained by clas- Channel ing.

(sical wave theory that nothing more
remains to be resolved from the thSIctl point of view." This is not the rase.

"If we begin by disregarding nonlinearities which occur with intensive detona-

“tion waves, and consider the limiting base of small amplitudes, propagation in!
"a continuum certainly dues not presenttany problems, but as soon as boundary |

“surfaces between two different media are present, phenomena occur which have
only been recognized recently.

" Here let us look at a few sch11 en images taken in the Ballistics
“Institute of the Air War Academy by O.: v Sclunidt.

3 |

! In Figure 107 we see a glass cuvette which contains two fluids in sep-

Larare layers, on the bottom a solution of NaCl (sound velocity 1,600 m/sec)
and on the top Xylol (sound velocity 1,175 m/sec). In the boundary layer be-
“tween the two fluids a spark detona gh wave is now produced. This wave must

”theretore be propagated in both flui é~fat the same time like a hemispherc.




~The radii of both hemispheres must behdve like the sound velocities, i.e., a
l-smaller hemisphere must be seep on the [top, than on the bottom at the time of
—exposure. , Figure 107 does show-as exgected--these two hemispheres, but in
: r-addition, )starting at the intersection jpoint of the large circle withéthe
i-boundary layer, there is seen é‘ggya;gi; wave front tangent to the small
mcircle. is front represents a perfeétly new type of wave propagatibn. It
~is also present if the detonation spark does not jump in the boundaryilayer
~(Figure 108), and is then tangent to the wave reflected at the boundary sur-
. —face,
|

'
o e PR
—

i Figure 107a and b. Propagation of Detonation Waves at the Boundary Layer

—

|_Between Two Fluids of Different Sound Velocity.

{ 3

i

; After looking at the schlieren e#posures, it is not difficult to find an
{ explanation of this new kind of process: the spherical wave in the '"faster"
medium (let this expression be accepteft for the medium with the higher sound
velocity) runs along the boundary layer with supersonic speed in reference to
the "slower" medium; for this reason--just as in the formation of the head
'wave of a flying bullet (see p.395)--the elementary waves originating at the
boundary layer in the "slower" medium ill have an envelope and thus form the
ﬁhew type of wave front. If the head wave angle is checked in Figures 107 and
i 108b, we find, in exact correspondence; with the Mach formula (87)
- : i
. : — ai a, 1175
L ST AAT = = a0 (90)
; l

gyhere a, means the sound velocity of the upper and a, the sound velocity of

+the lower medium. However, if we reprEsent this fact acoustically, we find
~the following: the sound from sound solrce Q can reach a point P in the .
-''slower" medium in the following thre | ways (Figure 109):

{
1. The direct path across thl*ﬁkinary wave. The time necessary for thi*

s
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2. [he path across the reflected wave with a travel time of
Cover Page Title
;. _9A4+4P__Pg
t Tanad == .

a, a,

TTUTTTT

_T._

3. The path across the head wayl with travel time
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"Figure 108a. Propac~tion of a Cpherical Wave at the Boundary Layer Between

“Two Media With Different Sound Velocitlies (Carbon Tetrachloride and Water).

"The Wave Center (in This Case a SmaruS unt of Detonating Lead Azide) Does Not
“Lie in the Boundary Layer.

————— ek
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Formation of the

?—rigure 108b.
'v. Schmidt' Head Wave in the Propa-

,.gaunn of a Spherical Wave at the ..
“Boundary Layer Between Media With

"Different Sound Velocities (Xyiol

“and Table Salt Solution).

L meno
b

- som
- i

r w

[Figure 110. Outline of the Propa-
Tgation of a Spherical Wave at the
TBoundary of Two Flulids.

NAS
_section S of the wave front with the b

Schmidt presented the theory repeated here
in 1928.
in physics circles, although in mineralogi-
cal research the speed of sound was con-
stantly used according to method number 3
(see| Figure 109) in deep stone layers to de-
termfiine the ground composition.

sufficient attention.
schlieren exposures made by 0. v. Schmidt
conclusively prove the existence of the head

\\\\\
\\\\\\\\

Figure 109. Sound Path From Q to P
At the Boundary of Two Fluids.

Although this path is the longest|
1%”%&111 requires the shortest time
(t < t; <t,}, since the distance BC

is traversed with the higher velocity |
a,. |
2 [ ;
Tﬁis(ufpct about the three differ
"1 ent sound paths Is new in regard to |
acoust?cs It was first determined
in seismology when time measurements
were taken at the time of blasting at
the surface of the ground (Mintrop,

1919). In the beginning, this pheno-
could not be explained until 0. v.

This theory was at first rejected

This area,
hat remote to physicists, was not given
Only in 1938 did the

Ve,

Let us discuss the exposure in
Figure 108 in somewhat more detail. If
the primary detonation wave strikes the
fboundary surface, the point of inter-

i

pundary surface moves at infinite

1106
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Lvelocity at the moment of contact.
lproducing (see Figure 110):

=

-

=

pmee

-(where e

o).

f—

~produce head waves in both media; actu
~with the penetrating or reflected wave
Proof for the reflected wave:

—

—

Let & designate the head wave an
—the "slow'" medium, and in a purely for
(87):

Cover Pac

— a,

__ &

s
- |

sin &

- |

—at every point in time.

Proof for the penetrating wave:

F.
-in a purely formal manner according to

siny

!
However, this is nothing but the Snellf
the penetrating wave is computed anyw

—

, Thus, we may consider the princi
[Principle referring to both reflection
"the new "v, Schmidt ray".

At first s has a value indicating supersonic velocity for both media.
-Therefore it is quite reasonable to ask whether intersection point S does not

a,/siny

+However, y is the angle atrwhich thg”;é

Let n be the head wave angle deterined by S in the "fast'" medium, and

. Qas
siny = -;-..—_.

siny

'

B ,
"intersection velocity' then subsidesJ

(94)
|

1ly they are present but are identical

le of the head wave determined by S in

al way, based on the Mach relationship
e Source

=siny, i.e. & =9, (95)

fvlggted%waygi-strikes the boundary layer|

i
i

(87)

__ By
ayfsiny *

(96)

=%:-. 97)

us law of refraction according to which

le of head wave formation as a superior
and refraction, as well as representing

R

107




—

If s = a, has taken place, theregwill be no further head wave developed

S RN I SHUTP S re pcap

" in the "faster" medium. Then Fag. COre 111

siny* =21, - (98)

—In this case according to (97), n = 901, i.e. y* is the angle of total reflec-
—tion. The wave front in the "faster" medium lies perpendicular to the
Hboundary layer and in its continuation|becomes independent of S, since it
—proceeds at constant velocity a, while|the velocity of S constantly decreases

“to the limiting value s = a, (fory = 0°).

B Because of its constant 9%&%c1%? in°the ¥slow" medium, the wave front
in the "faster" medium now drags the hzad wave, limited to straight lines,
|

w1th head wave angle ao; this is (cf. equation (90))

. i.e. the head wave angle is identical yith the total reflection angle.

All of these phases can be seen Very clearly in the schlieren exposure
of Figure 108.

In spite of this explanatory dempnstration, the following situation is
“still not clear from a physical point-pf-view: the ray occurring in the
"faster" medium below the angle of totpl reflection should be without energy
on the basis of the Fresnel equations.| As the schlieren exposures show, the
Penergy present in the boundary layer is completely capable of continuing to

rovide energy in the 'slow" medium in| the form of the head wave. In order to
_elucidate this fact, a transverse effect, i.e. a movement of energy in the
wave front in the d1rect1on of the boupdary layer, must be prusumed and this |
| is not concidered in the Fresnel equations. In addition, it is known from i
|
I

opt1cs that modifying the interior structure of a boundary layer makes it pos
“sible to change the distribution of energy between the penetrating and the
"reflected light within wide limits (reflex diminishing layers). Although an
Mideal boundary surface is fundamental {for the Fresnel equations, such surfaces
Lnever occur in practice.

I
—

Figures 107 and 108 illustrate the processes of wave propagation at the
"boundary layer of two fluids. The phenomena also occur in other media.

4

Thus, e.g., Figure 111 shows the wave ropasation at a boundary layer of water
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fFigure 111. Propagation of a
“Spherical Wave at the Boundary
“Batween Plexiglass and Water.

and plexiglass. The wave penetrating qhe plexiglass can be seen very well in|
"“the schlieren image. This wave.als® pylls! the '"v. Schmidt' head wave into

" the water jagain. If the solid body (plexiglass) were opaque, it woulld natur-
"ally be impossible to see the wave progressing through it, but the occurrence
{"of the hedd wave in the other tedium {yater: ia this case) now gives the pos-
'sibility df investigating sound wave propagation in opaque bodiss. is

. methodology should be of great importance for physical technology.

e LD T
Cover Pqge ig "tagnitude of elasticity of a

jo R,

|

Figure 112 shows the processes in
bars made of various materials. The bars
ate in water and are struck by the spark
dé¢tonation wave. The head waves produced|
by the longitudinal sound wave develop
on both sides of the bars. However,
other waves with a more acute angle are
also found. Further investigation shows
t at they are caused by transverse waves.

rovides an opportunity of determin-

terial: both velocities can be taken
om the head wave angle of the longi-
dinal and transverse angie and from

is the ¢lastic magnitudes can be com-
p?ted.

[ sl =]

] 's")

| The exact structure of the oscilla-
tjon mode;produced in the water by the
transverse wave has still not been ex-
p ained.

Under certain conditions the head
vae theory is rapable of bringing a
s ries of problems in other areas closer
tp a solution. 0. v. Schmidt particular-
ly believes that the silent zone related
tp sound propagation and the short wave
ircuit of the earth can be explained by
it. The fact that the head wave pheno-
mtnon also occurs in surface waves is
demonstrated by colored image Figure 113
QTable II). This was exposed with the
lattice diaphragm method and represents
the shape of a water surface above which

|
i

surface waves propagate from point C (see
the schematic diagram in Figure 114).

The water vessel used had two dif-

an the right half, so that speed of

L
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3_passage on the right had to be greater; for it is approximately determined by

-

e Ve h 1 (100)

Cover Page Title

fame

:(h is the water depth). Therefore two|sets of semicircles (al, a . and bl’

e
rbz..., cf. Figure 114) also had to be éxpected in this case; the semicircles

Tterminate at the point of discontinuity of water depth (at points Sl"' and
~T1...). However, it can be seen from %igure 113 that here, too, a head wave
:(cl, c2...) is described proceeding fr¢m the end of the larger circle (Sl...)

and into the smaller circles. The fa¢t that the exposure of Figure 113 is

—not on the same scale as the diagram provided in Figure 114 must be based on
—the additional amplitude dependence of|the surface wave velocity and a disturbi
r-ance caused by capillary waves.

- Cover Page Source

At the same time Figure 113 may be used as an example of the fact that

Lschlieren methods are also suited for investigating the propagation processes
of surface waves. Although model testFpare often carried out with surface

+waves in experimental lectures (e.g. e eriments of R. W. Pohl are well-known),

t-quantitative test results referring to amplitude at the same time do still not
” Fexist. In the opinion of the author the schli@regpmethods appear to be the
—~only useful method of attacking such qliestions|experimentally. Stereophoto
Fmoving pictures would seem to be the only othe# possible method.

- “While up until now we have only been concerned with the propagation of
—waves with a small amplitude, the investigation of waves with a finite ampli-
—tude presents a field of work particulprly reserved for the use of schlieren
—-methods. Since these are of special importance for explosive processes, the
-next section shall deal with them in mbre detail.

Combustion and Detonation Phenomeha.

- Combustion phenromena in gases involve considerable change in density.
~First of all the initial products of the chemical transformation (e.g., hydro-
-gen and oxygen mixed with the nitrogen of the air) differ from each other in
ensity and refractive index, and thentombustion products also have different
values for both magnitudes; considerable differences in temperature result
rfrom the liberation of combustion heaﬂ and give rise to a further difference
t-in density. For this reason the schliFren methods are an appropriate tool for
rstudying combustion processes. t

i

- We are concerned with stationary combustion phenomena if a combustible
;mixture of gases flows through an sperture into the open air and the flow
~velocity lies between two definite limits., If the flow velocity is too small,

%the flame flashes back and if it isttep large the flame is blown out.

| - N
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Figure 114. Schematic Representation
of the Propagation of Surface Waves
in a Container Which Has Deeper Water
on the Right Than on the Left.

Cover Page Source

The theory has been presented by
A.|Gouy! that the standard component of
flow velocity in the combustion plane
eqpals the!combustion velocity. Therefore
it|should be o§§ib1e to compute the com-
ion- v Qymfrom—an—expesufe—o£—the—~
ustiongplane. Here, however, dis-
pancies [arise if we begin with the
ustion’'plane obtained from a simple
tographic image of the burning flame.
.{N. van de Poll and T. Westerdijk [139]
e compared a combustion cone taken with
own light with the combustion cone
vided by a schlieren exposure and have
ermined that the visible shining sur-
e does not coincide with the hydro-
amic discontinuity surface (resulting
m the schlieren exposure). An example
of this is given in Figure 115. This per-
tains to a butane-air flame with an excess
of air where a secondary combustion is
thrrefore missing. The combustion pipe

was sufficiently long for a para-

bolic distribution of velocity to

[Figure 112, Bars of Different Materia be set up inside it. Figure 115a
“In Water Are Struck by a Spark Detona- shows the optical combustion plane!
Ttion Wave. The Longitudinal and Trans and Figure 115b the hydrodynamic
“verse Waves in the Bars Draw Out a ''v. one. On the optical level the

:Schm!dt" Head Wave in the Water. NASK base of the ~one is broader than

~TGouy, A., Anmn, Chim. Physique, Vol. 8y, p. 29, 1879.




% Museful im

"the lip of the burner and the tip of the cone is rounded off. (Neither de-

“scribes the case for the schlipxgn ceme};.:Since these phenomena contradict

the Gouy theory, the result is that thg schlieren exposure provides a|more
:Fe of the combustion front than does the optical image.

Caver Page Tirle

Cover Page Source

“Figures 115a and b. Butane-Air ¥9ame2¥5 thOdhcExcess of Air. a, Optical Com-
"bustion Plane; b, Hydrodynamic Combust{on Plane (Schlieren Image).

-
[

Van de Poll ard Westerdijk also demonstrate the further advantage of
_using schlieren methods: lighting times of the! orden of magnitude of 1 sec are
"fiecessary for photographic exposuTes bfcause t$3“ e Is not very brightT—
. However, lighting times of 1/100 to 1/1,000 set can be obtained with schlieren
_exposures by using a carbon or tungstep arc lahp. When an electrical spark
| is used as the light source the exposufe time is only 1076 to 1077 sec. Thus
-no nonstationary phenomena in the flamg front can be photographed directly,
_although it is possible without difficplty by using schlieren methods.
= Figure 116 gives an example of a non-
- : . statfionary flame front. Photographing the
RSN optilcal image in this case would result in
a thoroughly fuzzy image.

Combustion velocity is not a constant,
but depends on current conditions. Therefore
it can happen that when a mixture is burned
, S . : in a closed container, in which the pressure
- (e e ny and [temperature (because of adiabatic com-

- e pregdsion) of the still unburned part in-
Figure 116. Butane-Air Flame credse because of the expansion of the burnt
~With a Nonstationary Flame onent, combustion velocity suddenly

 F.oont. s high values and gives rise to ex-

- local pressure peaks. With certain

[

~velocity can lead to explosions. edge of these phenomena is of great im-
—portance, for instance if one wishes o understand the course of combustion

(112 L]
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—in an internal combustion engine. Schlieren methods are also useful for
—solving this question since thgy do.pot have any influence on the process it-
—self, as does, e.g. a probe. Still there are considerable difficulties in
5 -obtaining |schlieren exposures of the ag¢tivities in the cylinder of a prunning
—engine. is has been tried by, Ka S§§§§f49r1l104]. Some exposures of com-
—bustion in] a bomb have been taken By W, Lindner [69] and [80]. However, it
—would be more expedient to create the dimplest possible relationships.
—We would like to present several exposyres by Payman and Shepherd which pro-
vide a relatively clear image [125].

Payman and Shepherd investi-
gated the course of an explosion in
a pipe 3.65 m long (diameter 30.5
cm). The pipe has been provided
with slits and is divided into 10
single fields each of which serves
as the object in a Toepler schlier-
en arrangement. Since the inter-

2 Soe¢gtdng thing here is the course in
time, the exposure is made on a
rotating film behind a slit. 1In
this way the pressure and combus-
tion fronts immediately provide the
time¢-path curves. Figure 117 shows

_the|explésion of a mixture of |
methane and air (9.1% methane).

Ignition takes place through a pipe

filled with oxyhydrogen gas (125 cm

long, 2.5 cm diameter), which is
located at the right end of the
large combustion pipe. An electri-
cal spark initiates the process;
the 10 different image strips for
the individual fields of the pipe
and one strip for the outside space
have been fitted together in Figure:

117. Starting at the right we see |

a detonation wave and the combustion

§ front progress through the pipe. .

~Figura 117. Explosion of a Mixture of The velocity of the detonation wayeﬂ

~Methane and Air in a Pipe (Pipe Length, amounts to 360 m/sec and is con-
~3.65 m). lgnition on the Right, the L stant. A turbulent ring is form-
t
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-Left End of the Pipe Open. V, Turbule ed as it enters the free atmo-

~Ring. | sphere, just as one forms in
- i front of a rifle barrel during |

- i shooting (cf. Figure 91). Its |
time-path curve is characterized by V.. The first detonation wave front 1s fold
-lowed by a large number of other waveskwhich are somewhat flatter and there-

—fore possess somewhat higher velocigfffthey proceed in a gas which has already| /421
.
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mbeen compressed (thnrefore heated) by jhe first detoration wave. The amount ]

-of precompression can be ascer;alneq byt the inclination of these straight i
+-lines.

_ The combustion velocit) begins
"at'almost the value of the etonat -
tion wave velocity, but drogs im-
mediately and from the third field
on assumes the constant value of
120 m/sec for some time. From the
seventh field on the combustion
front is accelerated as high as
520 m/sec when it reaches the open
end of the pipe. This acceleration
is to be attributed to the influence
of the open end of the pipe: the
unburned gas compressed in front of
the combustion front expands into

sthecfree atmosphere at the end of
the pipe and consequently a rare-
faction wave enters the pipe and
adds further velocity toward the
left through the still uncombusted
gas and the exp1051ve vapor. There-|
fore theuextreme rise in combustion
“?'”'veloélty is deceptive. Right at the
E end is found a recessive movement at
the open end of the pipe since the |
pressure in the pipe decreases as a 1
result of cooling.

i
|
-4/)“-—0 '

\¥al

30

Figure 118 has been takea under
the same conditions but the open end

|

I

{

!

!
Figure 118. Like Figure 117. Left j of the pipe has been closed with a

|

35 [End of tne Pipe Closed By a Paper

n cover, u i h -
Covering. paper Thus at first the pro

cess takes place just as in Figure
L 117. However, when the detonation
wave reaches the paper cover it can-
g nhot immediately expand freely. First p pressure wave is reflected; its time-
-path curve can be seen well. Thereforé, when this wave strikes the combustion
-front an apparent reduction in combustion velocity is caused, contrary to
. -Figure 117. Thus this exposure is alsb a proof of the fact that the combustior
R | ~phenomenon which has become stationary! is first disrupted by the influence of
' L5 rthe end of the p1pe The paper cover boon yields to the pressure of the det- ' /422
-onation wave, rips and is pushed as1de{ then expansion can take place, again

—oppose the combustion front and cause fits apparent acceleration up to the valug
~of 520 m/sec. r ’

-
L The following quan*itative stitéflents can be made about combustion velo-
~c1ty, a value of 125 m/sec is measured| during the stationary portion; the flow

14 L]
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" L/sec for the observer, if refetence qumaﬂe<tovthe uncombusted gas before the

-velocity u of the uncombusted gases before the front and toward the left is
--superimposed on the abovs valug. How large is u? The velocity of the first
-~detonation wave (360 m/se¢<) is Taised in contrast to the sound velocity of
\-the unbur%sd aixture of gas (340 m/sec). From this the material velocity im-
--mediately pehind the wave front i§wﬁ99Ad pn the basis of gas dynamic [functions
i-If the condition between the défbhhtibg'ané"and the combustion front| were |
--constant, [this value would be set as edual to u. Constancy can be checked on |
é—the basis of tie waves which can be sed¢n in the entire range or the range is
to be corrected from the inclination of these waves. A further possibility
—of determining u is offered by the wave reflected onto the paper cover. No
f-supersonic velccity is to be assumed fgr it, because its velocity amounts only
~to 290 m/sec as a vesult of the flow; therefore the material velocity u of
~the uncombusted gases would be equal t¢ 50 m/sec, even though the sound velo-
Lcity of 340 m/secc were to be assumed in the gas between the detonation wave

{
~and the combustion front. Even this ljes rather high and must be accordingly
~corrected. | :

- » :
L Therefore the combustion velocity of 125 m/sec becomes only about 75 m/ |

~combustion front.

—

% Correspondingly the "apparent' c@mbustion velocity increases consider- .
—ably with expansion into the free atmosphere. For flow velocity u at later
~points of time it is also possible to deteimine values with the waves passing !
-from right and le‘t through the region!befoxe the gombustion front. The wavesi
rentering from the Teft 6figihated“Iﬁ"f§é parts of the paper cover by reflec-
~tion. Co

i
| ' :
Figure 119 shows the example of a completely closed container: the left |
rend of the combustion pipe is tightly $ealed and the other conditiors are the
+-same as for Figures 117 and 118. In this case the first shock wave is com- |
~pletely reflected at the end!. Insteafl of recoiling at 290 m/sec as in Figure!
-118, it recoils at 310 m/sec. When it|passes through the combustion front its|
~velocity is increased up to about 1,000 m/sec (as a consequence of the higher |
~temperature), at the right end it is ref.ected again and for a second time i
~passes through the combustion front. This has a very great effect upon the l
-propagation of the combustion front. puring the first passage it reverses its!

l

-apparent direction of motion and afterkthe second passage resumes its positive

-direction at high velocity. This progess is repeated until the gas has been .
completely combusted. It is also worthy of note that a partial reflection §
-takes place when the shock wave passes through the combustion front the second |
Ltimez. In this way a new shock wave of lesser intensity is €ormed and con- !

{
ﬁtinues its course which may be followeP for several reflections at the end of |

. "the pipe.

/423

FConcerning computation of the physicap state behind the reflected wave front, :
“see H. Schardin, Phyetk. 2., Vol. 33, pp. 60-64, 1932.

"2The reason for this is the lower d§8§ ty of the vapors. Correspondingly, o ;
“rarefacticn wave must be reflected at the first passage of the shock wave, but !
Tthis is difficult tc prove because of Its unmarked fromt. . et

| ro 15
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Since this division of the |
shock waves reoccurs at every pas- '
sage through the combustion front,
the process naturally beco*nes very |
- complicated. |

N

K
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|
i
These examples should! suffice i
|

to show how valuable the use of

the schlieren methods is in invest-
igating combustion processes. In- |
sights of a major nature, scarcely |
possible by any other method, can
be obtained. '

T s s (Rt St Shate o SOt SEANS SRSND Nt SHE S
-

i
An explosion is different in ’
principle from combustion. While |
the combustion velocity lies in the;
order of magnitude of several i
meters per second, explosive velo- ]
cities amount to several thousand !
meters per second. In combustion
the vapors have a lesser density
than the uncombusted substance, |
while in an explosion the situation!
is just.the reverse; corresponding-|
ly the vapors in combustion move
away fror the combustion front and |
1 : in &n explosion move in the direc-
- tion of the detonation wave. The |
r:;gu; l!ltz'l’l:lk;l;t'\glll;eslz;d Laft i distance-time curve of a combustion
- ’ ; front can be reproduced very well

- I with a schlieren image, but not al-
~ways by using an immediate optical expbsure with its own light. The intensity
~of illumination of a detonation front jis essentially greater, so that air
—brightness is usually sufficient to prpbvide enough blackening cn a rotating
—-film. In addition, solid explosives ahd no gases are partially used for ex-
-plosive experiments, so that visualization of the detonation front would not
-be directly possible using a schlieren method. A schlieren method, on the
'-other hand, is suitable for major investigations where combustion using an ex-
t—plosive aixture of gases turns into an' explosion. 5

-

- In the case of an explosion it extremely iwportant to know what hap-
+pens in the vicinity of the explosive jafter the explosion. In particular, i

. +-measurexent of the velocity of the ain shock wave and of the vapors is import-'
~ant. Here again a schlioren arrangement is necessary, since the air shock ‘
~wave is not immediately visible. Bxpdsures of this type have been made by M.
~Patry [96] among others.
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r- An example for the use

o : ” it of schlieren methods in ex-
plosive phenomena are, provided
by Figures 120 and 12]1.

This concerns th% explo-
sion of about 1 g of Jlead
azide. Figure 120 shows four
successive stages in the
schlieren image. In the first
part of the image the detona-
tion wave is hardly separate
from the vapors, but innumer-
able solid particles have
broken through the wave front.
Each creates its own head
wave. In the third part of
the picture, the vapor front
is already far from the wave
front which becomes smoother
and smoother. In the fourth
part of the picture the new
formation of a second detona- °
tion wave is distinguishable.
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’ }Figure 120. Four Successive Schiieren, Figuye 121 shows the same pro-!
L Exposures of a Lead Azide Pellet in Alf. " céss as a time-distance curve.l
- ; The propagation of the two '

- j detonation waves and of the
36 %;apors, the latter with a rough boundary because of the flying particles, can |
+he seen. : '

b
| By differentiation the course of| a velocity w of the first air shock
~wave can be found, whence the Hugoniot| equation yields:

|
|
|

35
2 w?—aq}
E 41’=_,,:. ‘—",;5" ‘b (101) |
i |
‘-representing the pressure rise behind the wave front so that it is also in- !
~directly possible to measure the pressure of a detonution wave in this way.

— i
{

-29. Diffusion
he T A further area of schlieren method application for measurements is dif-
" —fusion. Already in 1893, 0. Wiener [13] published an exhaustive work on this
~subject. The possibility of application is based on the connection between /426
.-the concentration of a solution and the refractive index.

L0
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- ' The general differential equatlon'
- ‘for diffusion is
- | |
0 34:
- EE J it =I-de. (102)
- |
f: Here c is the concentration, t che time
e " land D the diffusion coefficient.
- ! In most cases linear problems are
B involved; the following equation is
valid for these
15
- ac Lal3
B 2t =D 55 (103)
= . i
0 R Y Now 1 we posit
- _;dL;I~f;} Ao} P
B TTIY N N ;u. .“ N .....3 ' A i
g “ c=A{Dn, (104)|
[ Figure 121, Time-Distance Schlieren
25 Exposure of the Explosion of a Lead -
FAzide Pellet-in Alr. { them | ‘“ _— -
[
i d¢ n
31 =D
30 |
i and
;: c A € = D'A ”,
35 [ 4
2 whengte
L

I

L.Figure 122. Light Deflection

= =D )
lat Diffusion Between Two | o7 dn, (105) |
'‘Layers of Liquids According ‘ -

3 I
to 0. Wiener. this means that in (102) c can be simply re-|

placed by n if a linear relationship exists '
bet:Fon ¢ and n.

T

—

It is now within the scope of thp schlieren methods to determine the
"apatial and temporal course of n (i.e., An and an/at) so that its course can
”bo used to experimentally determine thp-diffusion constant and its dependunce
up'm concentration and other magnitudep. Since considerable light deflection |
_is handled here, the arrangement negd hot have a great deal of sensitivity,
“and more emphasis can be placod upon ‘s mple apparatus. The direct shadow
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. ~tion exist] in two layers. Light defledtion into the area of diffusiop then

. -way: solution of the diffusion equat10n (105) for the linear case is:

i |

wmethod is sufficient, e.g., accord1ng o 0. Wiener, in a shape where the 1uage
rof a slit inclined less than 45° is pr jected onto a screen into whose path !
~is placed a cuvette with parallel wallg in which the fluids under investiga-

Fpicks up the image of oblique 511? AB_ Flfurp 122) in a shape corresppnding
—to curve G from which the deflectic.. he individual peaks inside the
-cuvette are to be taken.

- Equation (49) is valid for 1imit4xion of the object by plane-parallel
~walls, i.e.,

-

™ ) n_x

- 3Yy ne - E? (106)
L

rwhere s; is the deflection of a light ray in arc measurement after passing
Lthrough the cuvette at height y. Zs is the thickness of the fluid layer, Y is |

|
|

. .the deflection onto the screen(énutheqialaxsoale as the distance E of the ob-
|

~ject from the screen and n, is the reffractive index of the air (practically
—equal to 1). !

)

- Computation of the diffusion conitants now takes place in the following

A
fr-- ’)

,f};;/l(é)e— P ag, (107)

l-—co

|

|

{T*T‘T i

here £(£) is the given initial cond1tkon for distribution of the refractive

index at time t = 0. Where two fluid layers are superposed, this produces:
|

|
E - ’ 2’ (1
t s 3 .2 et
t g v"/‘ d')+"" (108)
L
- R ,” E
- O __m—w 4 T Y |
- 5= Taybi ¥va* TE'T" (109)°
:For y = 0, the maximum deflection Y..x is obtained and from this for D T
)
|
EL 1 (g~ my)® !
D = ‘”*?'TVLL. . (110)’
— i S ) i ] ] i
T I . 19—

———
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S1nce the time point t = 0 is not knowq exactly, it is advisable to transform%
‘ equat1on (110) sn that it contains ondx the time difference between the two
T;_last pomT of time and the maximum perxtinent deflection:

3
fia 4.

4nn)(ly—1) max Y3

|
! |
"D was presumed to be a constant and equation (109) makes it possible to deter-

' mine whether this assumption holds: arlptrary values of t and y should always
furmsh the same D.

| b ERm—n ( ;__.,.1_):
i (111)

If D is a function of concentratlon, we should proceed from the follow-
I"ing differential equation: I
r i

- dc ap jec 112);
- OI_D(c)ay'+dc ) (1)

~
L

“The solution of this equation entails Lrious mathematical difficulties!.
—

- In addition a further mod1f1catlbn of the initial equation must be car-
xied out if the influence of gravity. o.t centn*ugﬁ Force is to be considered.
\
t30. Results of the Ultracentrifuge Te#hnologya

H
i

r In 1934 the author wrote in the VYDI-Forsch., No. 367: "Rough calculation|
Thas shown that the difference in conceptration in the solution of high molecu-|
‘_lar material (e.g., sugar) in a circulpting tray with a sedimentation equi-
libriu- is large enough to be measurel. The schlieren method should present
Tan indirect possibility of determining| the molecular weight of such rmaterials.”
At that time the author did not know that a development was already in pro-
gress which would lead to great succesy today in the field of organic colloid
research. An excellent summary of thig subject is found in the book Die
ﬁvltmmtn‘.ﬂcge [The Ultracentrifuge] by The Svedberg and K.Q. Pedersen
T[(137). The success obtained is to be pttributed mainly to the development of
the rapid :entrifuge, the so-called ultracentrifuge, with which it is possible,
:today to reach 750,000 g (g = acceleration due to gravity) in a fluid. The
. differences in concentration found in this way in colloidal solutiuns are suf- |
Fficient to be measured on the basis, E;rst, of different light absorption and,
Fsecond, of light diffraction. g

-

The light absorption method cmn;bt always be used, so that success ob-
"tained is largely to be attributed to #ho- refraction lethod i.e., the schlier+
en methods,

. MIL
‘Cf. Ioltum, lﬂcdama Am., an. ;3. pP. 959, 1894,

[120_




|
X In ultracentrifuge technology a distinction is made today between the
“"scale method" and the “slit meshod"... Both are schlieren methods, the slit
, Ehethod with and the scale method withoqt optical exposure of the object. The
" _Special names have their basis in theiq special arrangements.
% Page Tioae
i The scale method is represented in Figure 123. an illuminated kcale L
[is photographed with lens 0. Between 4 and 0 the ultracentrifuge tray is so
. that the light deflection Caused in it |results in a distortion of the image

Lof the scale at L'. If € is the light deflection at one point, this corres-
[ ponds to a displacement

Litger By

~-and then

LAa' can bgwggad off_for each point fyg* the phqto;xgph 95_3@9 d;§tortedr§cg1§{

i
i
|
i
i

- da" .
M b
f

L This angle is valid for that posjtion of the cell from which the dis-

Placed light beam comes. If the distapce Y of the displaced point of the

scale from the optical axis is measure , this corresponds to the distance
I 4
. l—bd Y

in the object.

| ‘
However, in practice the scale i photographed twice in Succession under:
~the same .ondicions with and without deflection. In order for the displaced
aperture as possible is necessary; other-
ious sizes;will pertain to the individuil light

- /429




Essentially this method
corresponds to schlieren arrange-!
ment number 2, but with Fxposure

of the scale and not of the ob-

.. ,ject (cf. below 364).

The slit method was intro-
duced into ultracentrifuge tech-
nology by O. Lamm. ' By means of
a schlieren head a line of light

r;;g:;: 123. Schematic of the Scale is projected through a slit-

' ’ shaped schlieren diaphragm. Now
- l the line of light, measureable

L with a micrometer, is displaced
+with light deflection until the spot in the object to be measured is exposed
again. Observation takes place visual Naturally adjustment of the light
-source requires time so that only meas rement uf the sedimentation equilibriunm
.can be carried out in this way. i

- Cover Pagde Sours

- The lattice diaphragm method des¢ribed as method number 7 basically ac-
hcomp11shes more than the slit method since it furnishes the pertinent location
Ffor several light deflections at the same time; therefore this should also be
r_nf value in the service of ultracentrifuge technology. It would particularly
. pperm1t changes of light deflection in t1me to be recorded simply by making a
hphotographic reg1strat10n of the 1soph¢ts beh1nd a,8lit onto paper rotating at,
ra suitable velocity.

Direct registration of the light: deflection as a curve is possible with .

. La method of J. Thovert [49], which has‘been somewhat modified by Philpot (cf. |

' lp. 348). X

L The cells for the fluid in the u]tracentrifuge have the shape of a sect

~with the point at the center of rotatipn in order to avoid disruptive convec- |
~tion currents. Sensitivity increases with increasing thickness of the liquid |
—layer. Difficulties cccur if the thickness is too great when the scale method

-is used, because with this method the tell is radiated by divergent light;

-then the use of a parallel ray pencil s necessary, e.g., as in the investiga-| /430
-tion of a horizontal heating pipe with}a lattice diaphragm method. i

- It is beyond the scope o this prer to go into the physical fundamentals,

'of evaluating the measured results. The centrifugal force mrw?, operating on
particle of mass m at a distance r from the center of rotation and :mgular

iveiocity v, causes a separction of the| particles according to their mass,
+while Jiffusion has a tenden:y to mix them (cf. §29). Now, the sedimentation

" ,velocity or the sedimentation equilibrium can be measured in order tc obtain

-molecular data where determination accprding to the otherwise normal chemical

-and physical methods is extremely uncc ain.

- In particular the native albutlu bodies or proteins represent an area ofI

'organic ch.listry which has not been wpll investigated.

122
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- It is true that the approx1mate 4nalyt1ca1 composition (50 to 55% C; i
xm6 5 to 7.3% H; 15 to 18% N; ZL,to 24% Q; 0 to 2.4% S; ash) are known, as well |
ras a few gmino acids from wh1ch the prgteins are constructed. However the
~kind and gmount of the individual building blocks is very different amnd the
“multitude of protein species eptreme;x great,

Abovie all, the determination of olecular size was uncertain up! to now.
X }- Svedberg and his colleagues invegtigated a large number of animal and
}plant proteins with the aid of the ultracentrifuge. Only a small part of
Fthese is contained in the following tables in which the sedimentation con-
»stants are given (for 20°¢; the numer1$31 values have been multiplied by a

| Tfactor 10!3). The hemoglobin of amphiBians and reptiles has two components.

TABLE 10. :HEMOGLOBIN.

B R A B

Man . . . . |448
Horse . . . | 4.41
gabblt . . |44
hlcken « . {42
on. . . |44

ﬂ’: A S
Ampnlblan . | 4,5—4,8; 7,077
Reptile . . | 4.5—H3; 7,43

'
i

|
TABLE 11. e*vmnocaﬁoam.

™1

RN
'

]

Ty
T

‘Arcnicola marina . . . . 57.4
Lumbricus terrestris, . . 609 !
Planorbis corneus . . . . 33.7
Daphnia pulex . . . . . 16,3

Tr. note: Comma} indicate decimal points.

TTrT U rirTorrroTTy

I
Although the individual kinds of[heloglobin are chemically different, as'

rdemonstrated by determination of the iSoelectric point, they show considerable1
ragreement in their sedimentation constants. In all of them the molecular

~weight amounts to about 68,000. In thb case of amphibians and reptiles pro- |
l-teins of various molecular weights werr found next to one another. |

|

- In contradistinction to the blood pigments included in blood particles,
-those directly dissolved in the blood plasma (Erythrocruorini) have higher

-sedimentation constants and therefore p higher molecular weight cf about
"3’000 ’WOJ

| I,
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L~ One peculiarity of proteins, their stability in the presence of various
—pH values, has been studied in,more defail in several Erythrocruorins. These |
—stability diagrams demonstrate the range where the individual protein mole-

., —cules are [durable, at what H concentrafiion dissociation occurs, and ih what
* }-range several materials are stable pg*y to one another. nr

Sedimentation constants of 16 - ’100-10'13 were found in the hemLcyanines

TABLE 12. HEMOCYANINES.

| secten A

Palinorus vulgaris . 16,4 447000
.Homarus vulgaris 22,6 803000
Calocaris macandrae . . . . | 34 . . 1329000
Octopus vulgaris 49,3 2785000
Helix pomatia : 98,9 6630000

=
-
-
|
;_
i
-
-
!
.
~
[
i
—
!
—
=
i
—

Tr. noteovoeonn?s jndicate decimal points.
|

T

Svedberg's extremely numerous in estigations go all the way from serum
_proteins to the proteins of muscles, milk and plants, as well as including
enzymes, hormones and many other substances. .

| ~—— IR-conclusion-it should be statet-that the &1£¥acen%sifuge—has—predueedm1
| surprising results. The native, soluble proteins are thus shown to consist
;of one individual or several small moi{:ular types of well-defined mass and

17

 shape; it seems that only a limited nugber of weight classes occur, multiples
of a basic mass unit. If the basic unit is selected as 17,600, it must be |
‘multiplied by 2, 4, 8, 16, 24, 48, 96,192, 384, and 576 to produce the weightq

‘which nccur. A few proteins are compared in the following table in order to
clarify this theory:

T

TABLE 13.

43
520191 Mfound Meomo,
Lactalbumin 1,9 17400 17600
Pepsin 33 35500 35200
Hemoglobin (Horse) 4,4 68000 70400

Myogen A 7,86 150000 140800
13,3
IGEM

2 « 17600
& . 17600
8 - 17600
16 - 17600
2“ . l76°°
L8 . 17600
192 + 17600
384 « 17600

Excelsin 295000 282000
Hemocyanine (Palinurus) 450000 422000
(Nephrops) 2h35 820000 845000
(Rossia) 56,2 3300000 3380000
(Helix pometia) 98,9 6600000 6760000

| SR R A A A A A A BT A (RO e A

1
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Tr. note: Commasnggrlcatc decimal points.
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. —Even the presence of other organic bod

,~ +being able to consider them aSLcmn51s&Qag%of:s@herlcal or nearly spherical

F» Even though dev1at10ns occur wlth some protelns, the regularlty observed

—cannot be accidental. Deviatipns may dppear because the individual molecules
—are not chemically equal, but consist” ¢f larger and smaller amino acids.

3es may be involved.
— In addition, the ultrace%%iifufé method did not only lead to the fact
~that the existence of the molecules is related to a certain pH range,i but
—has also allowed exact measurement of this range and determined the existence
—of other components. g

—

— Even the influence of salt solutjons, the effect of ionic valances, the
--reciprocal influence of proteins, spli%ting of gigantic molecules by ultra-
~violet light and ultrasound were able to be investigated with this method.

- Finally this method has confirmed the findings of X-ray studies that
~proteins are really unit molecules andinot an association of smaller molecules|

{
- Clarification of experimental observations on proteins is supported by

_part1cles

-
1
|

- This is not the case with 11near'hlgh polymers, particularly with

~fibroid macromolecules.
|

Fcules which have a thickness of a few A units and are 100 to 1,000 times as
+long. In suitable solvents they are d spersed into individual molecules.
hSt111 we are compelled to work in very dilute!solutions (0.4 g/l) because
wotheru1se considerable deviations woulF occur. This is because the osmotic

- Rubber, cellulose and other orga§1c matej 1a§s‘Pons1st of fibroid mole- |

-pressure is greater than that which corresponds to the number of particles.

Other difficulties which occur ip investigating these ma:erials are the
Lfollouing.

-

o Neither the natural nor the synthetic materials possess a unit molecular
-weight, bur elways consist of adjacent| molecules of differing magnitude, and
are thercviore polydisperse.

- Sedimentation Velocity is distur#ed by the shape of the molecule.
-Whether a molecule has the shape of a lengthy fiber or whether it is more or

—less coiled up into a ball is not immaterial.

P—

- The ultracentrifuge still has a large role to play in research on these .
~macromolecules. |

r— .
- The requirement of working in sufficiently dilute solutions can be

+-better met with the ultracentrifuge thhn with the osmometer in determining
~molecular size.

- N.‘\Jk
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If sedlmentatlon veloc1ty is sufﬁ1c1ent ly high and dlffu51on suff1c1ent—
1y low, a complete determlnatlon_of tyﬂe and amount of adjacent particles of !
l;varylng sizes can be obtained in'the czntrlfuge cell, while otherwise: only

- +~the mean molecular weight can be ascerfained with no expression of the type 2
t-of polydispersion. - e e '

SERANESE

e

e If gther experimental data are cilled upon, the ultracentrifugel method
—~can also facilitate determination of mglecular shape. For example, the fib-
.~ ~roid shape of nonsolvated particles, which involve a considerable volume of
o ~solvent in their moverent, can be identified by the fact that with an increase

rln concentration they produce a sedlme?tatlon velccity of essentially smaller‘
—dimensions. ,

vc +31. Other Applications {

R

13

T Y

rsible the schlieren methods are for mapy types of physical research. Natural-:

-1y the range of application has not be¢n exhausted with the summary given

. »above and many interesting papers ° lingrwdth schlieren methods are scat-

i rtered through the literature. Quite often their authors think that they have
--found an especially suitable optical afrangcment and are not conscious of
~hav1ng constructed a schlieren method.! In many cases the light deflections
~occurring are so large that the lens mbuntings‘work like schlieren diaphragms.

a5, ~For example, in tae arrangement which jead Benard to discover the laws of a

*” turbulent path, he used a water contaiper. Light(penetrating it was used to

The foregoing discussions have Z%own by means of example how indispen-

~make the surface waves visible and thetdeflectzg light fell completely out of |

—-the projecting lens. Naturally if a cprrect schlieren arrangement had been
lused, the sensitivity would have been konsiderably greater, i
300 An interesting suggestion for laige projection by television is made by
-F. Fischer [132]. A cathode ray tube rcontains a thin layer ol o0il whose sur-
-face is deformed by a pulsing and modullated cathode ray corresponding to the
~television image. The schlieren imagel of the oil layer is expected to illumi-
35 [ hate & large moving picture screen.

- In a similar way the author tried some time ago to transform an ultrared
-image into a visible picture: the ultrared iight causes schlieren in a suit-
rable layer and the schlieren serve as the object of a schlieren arrangement.

4o For example, it was possible in this wiay to make the flame of a Bunsen burner '
~visible.

b

o Bergmann [109] uses the schlierem of continuous supersonic waves in
t-liquids to measure the speed of sound by bringing the schliercn image to a
h rstop with a rotating mirror. i

1

i

F H. Schardin and W. Struth [121] found the origin of "implosion pressure :
~waves" in water in the sudden vacuum phenomenon of air bubbles (Figure 124). |
~A similar process is also produced in cavitation; here too the existence of
~ —such pressure waves was sssumed andNthty were held responsible for excessive |

1433
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--corrosion phenomena, but could not be dlrectly detected (cf. P. de Haller
{133], among others).

1}— In t1ca1 laboratory practice the sensitive detection of sch11Eren . /434
—serves to measure refractive relat;ops ips between small glass splintgrs by
~plac1ng them into a fluid whose refrac‘lve index can always be va“1edr

by mix-
ﬁlng two diffferent parts of the fluid. i

{
F. Klauer, E. Turowski and T. v.
Wolff have used the schlieren method to
-investigate the magnetic properties of
‘oxygan [143]1.

T T

% a heating wire surrounded by
,oxygen is put into an inhomogeneous
lmagnetlc field, magnetic convection cur

- rents are added to the normal currents ;
and, if both have the same direction, |

R {orve Pwlehéyuiead to a faster cooling of the é

- GO E L i wire. A determination of oxygen can be!

[ B N - phy51ca11y carried out on the basis of |

‘this cooling.

T

q-

Figures 125a and b provide an ex- |
amplv for the influence of current in |
‘the 1nhdmogeneous magnetic field. The
ileft picture shows the heat field in
1the vicinity of the heating wire if no
lmagnetlc field is present between the !
‘poles to be identified at the contours.
1The right-hand picture shows how the
theated gas is directed downward after
‘the magnet is switched on. In this
|case both convection currents flow in
!opposite directions.

% Until now schlieren methods were
‘ﬁi R - ¥ ‘generally considered a measurement pro-
Ot T et S ;cess which could be applied only in a

few cases and which therefore remain
+Figure 124, Propagation of Implosion somewhat beyond general laboratory
+Pressure Waves in Water From Air 5 practice. The purpose of these
~Bubbles Which Had Been Attached to a ! remarks would be achieved if they /435

. -Wire at the Moment of a Sudden Prop contributed to eliminate this pre-
~in Pressure When a Bullet was Fired judice. Today the schlieren

~Into the Water Container. ! methods are a tool of experimental

- | physics with more general import-

e —AllCe . - 1
-» ~Cf. also H. Rein: "Determination of'Glygen by a Physical Method," Schriften,
"' _ Dtech. Akad. Luftfahrtforech., No. 11, 1940.
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[Figures 125a and b. Schlieren Exposur*s in the Vicinity of a Heating Wire in
_an inhomogeneous Magnetic Fielgévea

:for the help he has provided me in writing this report.
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Figures 68 to 73. Colored Photo-
graphs of Structural Glass Taken
With the Lattice Diaphragm Method

Figure 113. Colored Photographs
of Surface Waves.
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